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He, who through vast inunensity can pierce, 
See worlds on worlds compose one universe, 
Observe how system into system runs. 

What other planets circle other suns. 

What varied Being peoples every star. 

May tell why Heaven has made us as we are. 


Who sees with equal eye, as God of ail, 

A hero perish, or a sparrow fall, 

Atoms or systems into ruin hiffled. 

And now a bubble burst, and now a world. 


Alexander Pope 
( 1688 - 1744 ) 
An Essay on Man 
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PREFACE 


This book is the outgrowth of lecture notes used in a course on powcrplant technology 
and engineering and given to a class of senior graduate students over several years. 
The author is indebted to many colleagues in the academic and industrial community 
who have made many helpful suggestions and supplied much needed material; and to 
his own students, whose give and take has helped in the evolution of the lecture notes 
into the present manuscript. 

A course on powerplants was a popular and integral part of engineering curric- 
ulums, especially mechanical engineering, in the 1940s and 1950s. The material cov¬ 
ered then was largely nonanalytical, preferring to concentrate on system and component 
description and operation. The course fell out of favor with the trend toward more 
fundamentalism in engineering education that started in the 1960s, and because the 
supply of cheap fossil fuels seemed so assurred that development in the field slowed 
down considerably. 

With the turnaround in the energy picture in the 1970s, and the need for new 
solutions to efficient power-generation problems, the course experienced a remarkable 
revival with a strong student and graduate engineer demand. That demand, which is 
expected to continue for the indefinite future, relied on available books, most of which 
lack some of the modem aspects of power generation, concentrate on problems of 
energy supply, demand, conservation and economics; or address a wide variety of 
topics that are not all relevant to the subject matter. 

It has become apparent that a modem up-to-date text is sorely needed. This book 
was written with this goal in mind. It attempts to focus on the treatment and s 3 mthesis 
of electric-generating powerplant technology and engineering, with a balance between 
the analytical and technological aspects of powcrplant design, systems, and effects. 
The old poweqjlant systems, which were almost exclusively fossil-fired, have given 
way to a wide spectrum of systems including improved fossil and nuclear plants and 
plants that rely on renewable energy sources for their input. While the author has 
certain opinions on the viability of some of these as serious contributors to the large 
demands for electric energy in the near and long term, he has attempted to give most 
of them more or less equal emphasis, at least for the sake of completeness. The subject 
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of energy, in general, generates much discussion, some of it emotional. The author 
has attempted to keep editorializing under control, however; but in a few instances, 
his opinions surfaced. Some readers may or may not agree with them. 

The book is designed mainly for the use of mechanical, nuclear, and electrical 
engineers, but also for other engineering, energy, and applied-science majors. To 
accommodate a variety of backgrounds of readers, the book begins with introductory 
material that is necessary for the understanding and analysis of most powerplant 
systems. It then proceeds to cover fossil-fired powerplants of the Rankine, Brayton, 
and combined types. This is followed by introductory nuclear material and the current 
and most-promising fission-type nuclear powerplants. Fusion powerplants are not cov¬ 
ered except in an introductory manner, since an electric-generating fusion powerplant 
is not now, and not expected to be, a reality in a well-defined form for decades to 
come. The book then proceeds to cover powerplants that rely upon renewable energy 
sources, such as geothermal, solar, wind, ocean temperature difference, and tide and 
wave energy. It terminates with presentations of various energy storage systems, most 
of which are still under development; and environmental aspects of electric-power 
generation, both fossil and nuclear. 

Now a word about what this book does not cover. Probably the most important 
is hydroelectric energy, a major topic in its own right that is taught in separate courses 
and is adequately covered in many textbooks. Focusing on electric-power generation, 
the book does not cover areas of domestic and municipal heating and cooling, which 
are also covered elsewhere. It also does not cover the small but well-established electric- 
generating systems by internal-combustion engines which are also covered elsewhere. 
Power-generation systems from such sources as biomass and solid wastes, while en¬ 
vironmentally helpful, are not exp)ected to ever become major contributors to the 
electric-power-supply picture, and are covered with less emphasis than are other types. 

Because of the expected variety in readers’ backgrounds, a problem encountered 
in the author’s own classes, some of the material in the book may not be necessary 
for some readers and may be bypassed by them, or used as a refresher. Also, because 
of the wide variety of topics covered, the book has been written with flexibility in 
mind, so that readers may change some of the order of presentation, or omit some of 
the material to suit their interests and purposes without loss of continuity. The book 
can be covered in three to five semester hours depending upon background and extent 
of coverage. While it is designed primarily as a college textbook with solved examples 
within and problems at the end of chapters, a conscious effort has been made to make 
it usable by graduate engineers in industry. 

An engineering book that is published these days must face the dilemma of what 
system of units to use. Industry, particularly in the United States, still relies largely 
on the U. S. Customary System. In addition, many of the established heat-transfer, 
fluid-flow, and design correlations for powerplant equipment are based on it. On the 
other hand, the trend in the scientific and world communities is toward use of the 
S. I- (Le Syst^me International d’Unites), adopted in 1960. This book uses both 
systems, often together, and trusts that the reader can, or can learn to, convert easily 
from one to the other. It is important to keep in mind that mass is mass, force is force, 
and weight is a force. The dimensional conversion factor gc used whenever mass and 
force appear in the same equation is used throughout. It does not vanish in the S. 1. 
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system but simply assumes a numerical value of unity. The App)endix contains an 
extensive number of conversion tables, the last column of each of which is reserved 
for the S. I. system. 

The author is indebted to colleagues, too numerous to mention, who made many 
suggestions and gave much encouragement, and to his students, who by their probing 
questions have helped put proper emphasis where it was most needed. He is also 
indebted to many who have contributed to the preparation and typing of the manuscript, 
in particular, Mary Jo Biechler, who competently and cheerfully had to beat numerous 
deadlines on such a difficult and long manuscript. 

The author is also grateful to the College of Engineering, University of Wisconsin, 
for the creative and challenging atmosphere in which he has been fortunate to work, 
and to his family and friends in both Madison and Alexandria for their love, support, 
and patience. It was on the shores of the latter that much of the inspiration for this 
work has come. 


M. M. El-Wakil 




CHAPTER 

_ ONE 

A THERMODYNAMICS REVIEW 


1-1 INTRODUCTION 

The design, operation, and performance of electric-generating powerplants are largely 
dependent upon the science of thermodynamics. It is assumed that the reader is familiar 
with the basics of that science. The material in this chapter, then, will not be a 
comprehensive treatment of thermodynamics but will instead review some fundamen¬ 
tals and present some aspects that are of particular relevance to power-generation 
systems. 

The material in this chapter will include parts of both basic and applied ther¬ 
modynamics. The first and second laws will be reviewed as well as processes, property 
relations, and cycles. The concepts of reversibility and entropy and the roles they play 
in the performance of power-generating cycles will be discussed. 

Chapter 2 will be devoted to the analysis of the Rankine cycle, which plays the 
major role in power systems today. Other cycles and aspects, such as the Brayton 
cycle, heat transfer, and fluid flow in powerplant components, will be presented where 
appropriate and applicable throughout the book. 


1-2 THE FIRST LAW AND THE OPEN SYSTEM 

The first law of thermodynamics is the law of conservation of energy, which states 
that energy can neither be created nor destroyed, Tne energy of a system undergoing 
change (process) can be increased or decreased by exchange with the surroundings 
and converted from one form to another within that system. This is, therefore, simply 
a “bookkeeping” law that declares the exchange and convertibility of energy and secs 
to it that all energy is accounted for when a change occurs. The first law does not 
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indicate whether conversions of energy from one form to another are or are not 
performed perfectly or whether some forms may be completely converted to others. 
Such limitations are left to the second law. 

The most general mathematical expression of the first law is that for an open 
system undergoing change in a transient state. A system is a specified region, not 
necessarily of constant volume or fixed boundaries, where transfers and conversions 
of energy and mass are to be studied. An open system is one where energy and mass 
cross the boundaries of that system. An open system in the transient state is one in 
which the mass inflow and outflow are not equal or vary with time and in which the 
mass within the system changes with time. The transient system will not be covered 
here, although an example (a pressurizer in a nuclear pressurized-water reactor) will 
be presented in Chap. 10. 

We will now discuss the steady-state open system, also called the steady-state 
steady-flow (SSSF) system. This is one in which mass and energy flows across the 
boundaries do not vary with time and in which the mass within the system remains 
constant. The SSSF system, applicable to mechanical energy (i.e., ignoring electrical, 
magnetic, chemical, and other effects) is shown schematically in Fig. 1-1. The first- 
law equation for that system is 

PE, + KE, + IE, + FE, + 

= PE. + KE. + IE. + FE: + (1-la) 

where the subscripts 1 and 2 indicate the inlet and exit stations of the open system. 
Equation (1-la) assumes for simplicity that only one inlet and one exit exist, although 
the SSSF equation can be written easily enough for multiple inlets, exits, or both. In 
Eq. (1-la) 
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PE = potential energy — mz— (1-2) 

where m is the mass of a quantity of matter or fluid entering and leaving the system 
(both equal in SSSF), z is the elevation of stations 1 or 2 above a common datum, g 
is the gravitational acceleration, and is a conversion factor numerically equal to 
32.2 Ib^ ■ ft/(lb/ ■ s^) or l .O kg ■ m/(N ■ s^) 

KE = kinetic energy = m —- (1-3) 

2«r 

where V, is the velocity of the mass at 1 or 2. 


I AG 


1 

1 - 

2 

PE, 


?E, 

KE, 

_ 1 _ 
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IE, 1 

\E, 

FE, 


FE, 


Figure 1-1 Schematic of a steady-state steady-flow (SSSF) 
system with one inlet and one outlet. 
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IE = internal energy = V (1-4) 

Internal energy is a sole function of temperature for perfect gases and a strong Unction 
of temperature and weak function of pressure for nonperfect gases, vapors, and liquids. 
It is a measure of the internal (molecular) activity and interaction of the fluid. 

FE = flow energy = PV = Pmv (1-5) 

Flow energy, or flow work, is the work done by the flowing fluid to push the quantity 
represented by mass m into, and out of, the system. Mathematically it is equal to the 
product of pressure P and volume V. 

AQ = net heat added = Qa - \Qr\ (1-b) 

where Qa is heat added to (entering) and Qr is the heat rejected by (leaving) the 
system across its boundaries. It is convenient to consider that heat added is positive 
and heat rejected is negative. Mathematically 

AQ = mc^{T2 - T,) (1-7) 

where c„ is a specific heat that depends upon the process taking place between 1 and 
2. Values for c„ for various processes are given in Table 1-1. 

AVT^f = net steady-flow mechanical work done by the system 

= HV - |W,nl (1-8) 

where is the work done by the system and is the work done on the system. 
The convention is that the work done by the system is positive and the work done on 
the system is negative. Mathematically the steady-flow work is given by 

AW,, = -J\dP (1-9) 

Equation (1-9) requires a relationship between pressure P and volume V for evaluation. 
The most general relationship is given by 

P\r = constant (1-10) 

where n is called the polytropic exponent and varies from zero to infinity. Its value 
for certain processes is given in Table I-1. 


Table 1-1 Values of c„ and n for various processes 


Process 

c„ 

n 


Constant pressure 


0 


Constant temperatures 

00 

1 


Adiabatic reversible 

0 

k = 

Cv 

Constant volume 

Cv 

k - n 

00 


Polytropic 

Cv 

1 - n 

0 - 

00 
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Equation (1-la) may now, be written for mass m entering and leaving the system 
as 


o 

mz,- ^ U, + + ^Q 

gr 2g, 

o y\ 

= mz2- + nt-^ + P 2 V 2 + ( 1 - 1 ^) 

^gc 

and for a unit mass 

p Y^. 

+ w, -h P,v, + ^q 

gc 2g, 

o Vo 

= Z2— + -H M2 + P2V2 + AWsf ( 1 -lc) 

g. 2g^ 

where the lowercase symbols represent specific values of the uppercase ones, i.e., p)er 
unit mass. Thus u = specific internal energy = Vim, v = specific volume = Vim, 
etc. 


Table 1-2 Some common thermodynamic symbols 


Cp ~ specific heat at constant pressure, Btu/(Ib„, • °F) or J(kg ■ K) 

c,, = specific heat at constant volume, Btu/(lb,„ • °F) or J(kg K) 

h = specific enthalpy, Btuyib,„ or J/kg 

H = ^olal enthalpy, Btu or J 

J = energy conversion factor = 778.16 ft ■ Ib/Btu or 1.0 N m/J 
M = molecular mass, lb,7lb mol or kg/kg mol 

n = polytropic exponent, dimensionless 

P = absolute pressure (gauge pressure + barometne pressure), Ib/ft^; unit may be Iby/in^, commonly 
written psia; or Pa 

Q - heat transferred to or from system, Btu or J, or Btu/cycle or J/cycle 
R = gas constant, lb/ ■ fty(lb„ °R) or J(kg ■ K) = RIM 

?? = universal gas constant = 1.545.33, lb/ ■ ft/(lb mol • °R) or 8.31434 X lO"* J/(kg mol K) 

s = specific entropy, Btu/flb^ ' °R) or J/(kg • K) 

S - total entropy, Btu/Tl or J/kg 

i = temperature, "F or °C 

T = temperature on absolute scale, '’R or K 

u = specific internal energy, Btu/lb„, or J/kg 

V = total internal energy, Btu or J 

V = specific volume, ftVlb„ or mVkg 

V = total volume, ft^ or m’ 

W = work done by or on system, lb/ ft or J, or Btu/cycle or J/cycle 

X = quality of a two-phase mixture = mass of vapor divided by total mass, dimensionless 
k — ratio of specific heals, r^/Cy, dimensionless 

1 ] - efficiency, as dimensionless fraction or percent 

Subsenpts used in vapor tables 

/ refers to saturated liquid 

g refers to saturated vapor 

fg refers to change in property because of change from saturated liquid to saturated vapor 
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The units of all the terms in Eqs. (I-la) and (1-1^) are those of energy, such as 
Btu, ft • lb/, or Joule (J). The units in Eq. (1-lc) are Btu/lb,„, ft • lb/lb,„ or J/kg. A 
list of these and other common thermodynamic symbols is given in Table 1-2. 


The Enthalpy 

The sums U + PV and u ^ Pv appear together very frequently in thermodynamics. 
The combination, therefore, has been given the name enthalpy (with the stress on the 
middle syllable) and the symbols H and h, where h = specific enthalpy = Him. Thus 

H = U ^ PV (l-llfl) 

and h = u y- Pv (1-1 Ih) 

Equation (1-lh) can now be written, using //, as 

o t/2 

mZ]— + m—^ y- Hi -h AQ 

gc 

o 

= mz2- + m— + //2 + AW,, (1-1^/) 

gc 'Ig, 

and Eq. (1-lc) can be similarly written using h. 

Enthalpies and internal energy are properties of the fluid, which means that each 
would have a single value at any given state of the fluid. They are defined as 



( 1 - 12 ) 


and 



(1-13) 


where Cp and are the specific heats at constant pressure and constant volume, 
respectively. They have units of Btu/(lb^ • °R) or J/(kg K). They are related by 

Cp - cy = R (1-14) 

where R is the gas constant. For ideal gases 

du = Cy. dr (1-1 5a) 


and dh = Cp dr (l-16a) 

where and Cp are constant and independent of temperature for monatomic gases 
such as helium but increase with temperature for diatomic gases such as air and more 
so for triatomic gases such as CO 2 , etc. For helium Cy = 0.753 Btu/(lb^ • °R) = 
3.153 kJ/(kg ■ K), Cp = 1.250 Btu/(lb;„ ■ °R) = 5.234 kJ/(kg • K), both independent 
of temperature. For air at low temperatures, Cy = 0.171 Btu/(lb,„ • °R) = 0.716 kJ/ 
(kg ■ K), Cp = 0.240 Btu/(lb,„ ■ °R) = 1.005 kJ/(kg ■ K). For constant specific heats, 
or for small changes in temperature, Eqs. (l-15a) and (1-16a) may be written as 

^u = Cy AT (1-156) 
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and 

^h = Cp ^T 

(1-166) 

Where there is 

a large increase in temperature 



Au = J c,,(r) dT 

(1-17) 

and 

\h = f' c,{T) dr 

(1-18) 


Expressions for Cp{T) in terms of temperatures for various gases (other than monatomic) 
may be found in the literature (4, 5). c,,(7) is found from Cp{T) by subtracting the gas 
constant R for the particular gas, Eq. (1-14). For pure air 

Cp{T) = 0.219 -h 3.42 x \(y^T - 2.93 x iO ^T^ (1-19) 

where Cp(T) is in Btu/(lb;„ ■ °R) and T in °R. c,.(T) for pure air is obtained by subtracting 
R for air or 53.34/778.16 = 0.0685 Btu/(lb^ • °R) from Eq. (1-19). 

It should be added here that the combination U + PV is enthalpy H whether the 
system is open or closed (below). In the op)en system PV is the flow energy. In the 
closed system PV is simply the product of pressure times volume. 

Equations (1-la) through (1-1^0 are used to solve problems of open systems. In 
considering a particular problem, it is often found that some terms drop out, some are 
unchanged between stations 1 and 2, or that the change is negligibly small compared 
with those of other terms. Some examples of open systems are 

1. A steam generator 

= 0 

PE 2 - PE, = negligible 
KE 2 — KE, = negligible 

Thus AC = 7/2 - Hi (l-20a) 

and = hj - /i, (1-20^) 

2. A gas or steam turbine 

AC = negligible 
PE 2 - PE, = negligible 
KE 2 - KE, = negligible 
thus ^W,f = Hi - H2 

and Awsf = /i, - /12 

3. A water (or incompressible fluid) pump 

AC = negligible 

PE 2 - PE, =0 (considering immediate inlet and exit) 


(l-21a) 

(l-21b) 
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KE 2 - KEi = negligible 

U2 - f/, 

And, because water is essentially incompressible and little or no 
change in temperature or volume takes place. 


V 2 - V, = V 

Thus ^W,f = FE, - FE 2 = V(P, - P 2 ) (\-22a) 

and Awsf = v(f»i - P 2 ) (\-22b) 

Both should be negative. 

4. A nozzle 

^Q = 0 
AW,, = 0 


PE 2 - PEi = 0 (considering immediate inlet and exit) 
KE, = usually negligible compared with KE 2 


Thus 

V.2 = ^2g,J{h^ - h,) 

(l-23fl) 


= Vlg^JcpiTi - T 2 ) idea] gas 

(1-23^) 


= VlgMP, - P 2 ) incompressible fluid 

(l-23c) 

5. Throttling 

^Q = 0 



= 0 



PE 2 - PE, =0 or negligible 



KE 2 - KE, = negligible 


Thus 

W, = W 2 

(l-24fl) 

and 

h, = /12 

(1-24/7) 


1-3 THE FIRST LAW AND THE CLOSED SYSTEM 

The open system, discussed above, is one in which mass crosses the boundaries. A 
closed system, by contrast, is one in which only energy and not mass may cross the 
boundaries. A third system of some interest is the isolated system, a special instance 
of the closed system. It is one in which neither mass or energy cross the boundaries 
but in which energy transformations may take place within the boundaries. 

Because mass does not cross the boundaries in a closed system, the potential, 
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kinetic, and flow energy terms of Eqs. (1-lfl) through (1-lif) drop out and the first- 
law equation for the closed system is simplified to 



U, + AQ = U2 + 

{\-25a) 

or 

AQ = AU + AVVnf 

(l-25b) 

and 

Aq = Au + Awn, 

(l-25c) 

In the case of the open system, Eqs. (1-la) through (1-lt/), 1 and 2 refer to positions 
in space with respect to the system. In the case of the closed system they instead refer 
to differences in the time domain, i.e., before and after the process in question has 
taken place. 

AWnf is called the nonflow work. Mathematically it is given by 


AW„, = PdV 

(1-26) 

which, as does Eq. (1-9), requires a relationship between P and V for evaluation, such 
as that given by Eq. (1-10). 

Some examples of the closed system are; 

1. A closed rigid tank 

AW„, = 0 


Thus 

AQ = U 2 - = AU 

(1-27) 

2. An insulated cylinder in 
by it) 

which a fluid expands behind 

a piston (or is compressed 


AC = 0 


Thus 

AW„f = U, - U 2 = -AU 

(1-28) 


1-4 THE CYCLE 

In order to convert forms of energy, particularly heat, to work on an extended or 
continuous basis (our main objective), one needs to operate on a cycle. A process 
begins at one state of the working fluid and ends at another, and that is that. A cycle, 
on the other hand, is a series of processes that begins and ends at the same state and 
thus can repeat indefinitely, or as long as needed. An example is the ideal diesel 
cycle,* shown on the P - V and T - s diagrams in Fig. 1-2. It is composed of an 


* Rudolf Diesel (1858-1913) was bom in Paris of German parents and moved to London in 1870 because 
of the Franco-German War. He was educated in Germany, where in 1893 he obtained a patent on the engine 
diat bears his name. Originally his idea was to inject coal dust instead of liquid fuel into compiessed air 
at high enough temperatures for the dust to ignite. He narrowly escaped death when his first attempt resulted 
in the engine’s blowing up at the first injection of fuel. A successful engine was produced after some 4 
years of tedious and costly work. Diesel disappeared and presumably drowned while crossing the English 
Channel during a storm. 
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Figure 1-2 Pressure-volume and 
temperature-entropy diagrams of 
an ideal diesel cycle. 

ideal and adiabatic (no heat exchanged) compression process 1-2, a constant-pressure 
heat addition process 2-3, an ideal and adiabatic expansion process 3-4, and a constant- 
volume heat rejection process 4-1, which returns the cycle back to 1. Because the 
beginning and the end of the cycle is I (or any other point), a thermodynamic cycle 
is a closed system where 

= Ui - U, = 0 

and the first law for this, and all other cycles, becomes 

Agn.. = Qa - \Qf\ = (for a cycle) (1-29) 

1-5 PROPERTY RELATIONSHIPS 
Perfect Gases 

Property relationships for perfect gases for different processes are given in Table 
1-3. A perfect (or ideal) gas is one which, at any state, obeys the equation of state 
for perfect gases 


PV = mRT 

(l-30a) 

Pv = RT 

(1-30/7) 

pV = nRoT 

(l-30c) 


where R = specific gas constant. Different gases have different values of /?; 
for air R = 53.3 ft ■ lby^/(lb^ • 286.8 J/(kg • K) 

n = number of moles = m/M, where M is the molecular mass of the 
gas = 28.97 for air 

Ro = universal gas constant = RM, the same for all perfect gases 
= 1545.33 ft ■ lb^/(lb ■ mol • = 8314.34 J/(kg ■ mol • K) 

T = absolute temperature in degrees Rankine or Kelvin 





Ti/r, = (Pj/F,)' 



Compressibility factor z 
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Imperfect Gases 

Property relationships for nonperfect gases and vapors are more complex than those 
for perfect gases. Property values for these fluids are facilitated by the use of charts 
and tables [4, 5,6]. 

A nonperfect gas is one in which the molecules are close enough to exert forces 
on each other, as when a perfect gas is highly compressed and/or highly cooled with 
respect to its critical conditions. It is often described by modifying Eqs. (l-30a, b, 
and c) to the form 



Reduced pressure 


Rgnre 1-3 Generalized compressibility factor chart. 
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PV = mZRT (1-31) 

where Z is a compressibility factor that depends upon P, T, and the gas itself, Z is 
given in various compressibility charts. A generalized compressibility chart (see Fig. 
1-3) gives Z for all gases as a function of the reduced pressure Pr and reduced 
temperature Tr, where 

= ^ and n = ^ \ (1-32) 

* c ^ ^ I 

where P^ and T, are the pressure and temperature, respectively, at the thermodynamic 
critical point for each gas. Note that at = 1 and T, = 1, the critical point for all 
fluids, Z = 0.27. 

The critical constants for some fluids of interest are given in Table 1-4. 


Example 1-1 Nitrogen is stored in a 10-ft^ rigid tank at 1(XX) psia and 70°F. Find 
the mass of nitrogen in the tank and the error if the perfect gas law were used. 


Solution For nitrogen, P^ = 492.91 psia, = 227.16°R, and R = 55.15 ft 
• lby/(lb^ ■ °R), Therefore 


f'r 


1000 

492.91 


2.029 


70 -f 460 
227.16 


2.52 


From Fig. 1-3: Z = 0.98. Using Eq. (\-\9d) 

_ Py_ _ (1000 X 144)10 

^ ~ ZRT" 0.98 X 5515(70 + 460) 


50.27 Ib^ 


Table 1-4 Constants for some fluids* 


Fluid 

M 

R . ft \6fl 

(lb. "R) 

Pc 


Tc 


psia 

bar 

°R 

K 

Air 

28.967 

53.34 

547.43 

37.744 

557.1 

309.50 

Ammonia 

17.032 

90.77 

1635.67 

112.803 

238.34 

132.41 

Carbon dioxide 

44 on 

35.12 

1071.34 

73.884 

547.56 

304.20 

Carbon monoxide 

28.011 

55.19 

507.44 

34.995 

239.24 

132.91 

Freon-12 

120.925 

12.78 

5%.66 

41.148 

693.29 

385.16 

Helium 

4.003 

386.33 

33.22 

2.291 

9.34 

5.19 

Hydrogen 

2.016 

766.53 

188.07 

12.970 

59.83 

33.24 

Methane 

16.043 

%.40 

67.31 

46.418 

343.26 

190.70 

Nitrogen 

28.016 

55.15 

492.91 

33.993 

227.16 

126.20 

Octane 

114.232 

13.54 

362 11 

24.973 

1024.92 

569.40 

Oxygen 

32.000 

48.29 

736.86 

50.817 

278.60 

154.78 

Sulfur dioxide 

64.066 

24.12 

1143.34 

78.850 

775.26 

430.70 

Water 

18.016 

85.80 

3206.18 

221.112 

1165.09 

647.27 


•Data from Ref. 4. 
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Using the perfect gas law, m = PVIRT = 49.265 lb„ with an error of about -2 
percent. 


Vapors 

Property values for vapors, such as steam, are more complex than those for nonperfect 
gases and are given in the tables in App. A through F and in charts such as the T-s, 
P-v, and h-s (Mollier) diagrams (5 is entropy, Sec. 1-8). They include data for the 
saturated liquid, the saturated vapor, the difference between these two, and for the 
superheated vapor. By the use of the familiar parameter quality x, which is the ratio 
of mass of vapor to mass of vapor and liquid in a two-phase mixture, one is able to 
obtain the properties of such a mixture. Recall that a two-phase mixture in equilibrium 
includes saturated liquid and saturated vapor and that neither can be subcooled or 
superheated. Thus the specific enthalpy of a two-phase mixture is given by 

h = hf xhfg (1-33) 

where hj is the enthalpy of the saturated liquid and hfg is the difference between the 
enthalpy of the saturated vap>or, hg, and hf\ that is, hfg = hg - hf, all obtained at the 
pressure of the system. Similar equations are written for specific volume and entropy 
as 


and 


V = vy x\yg (1-34) 

s = 5 ^ 4 xsfg (1-35) 


Subcooled Liquids 

The subcooled liquid is the least understood. A subcooled liquid is one at a temperature 
below the saturation temperture at the given pressure. Examples are water at 70°F and 
14.696 psia where the saturation temperature is 212°F, or water at 640^^ and 2500 
psia where the saturation temperature is 668. ITF. The term compressed liquid is 
synonymous with subcooled liquid. If we change our point of view from pressure to 
temperature and use the same examples above, we find that water at 70°F, if saturated, 
would have a pressure of 0.36292 psia. Because it is at 14.696 psia, it is said to be 
compressed. Likewise, water at 600°F has a saturation pressure of 2059.9 psia. Being 
at 2500 psia, it is said to be compressed. Hence, subcooled and compressed liquid 
have the same meaning. 

Property data for the subcooled liquid may be found in tables [6], charts (Fig. 
1-4), or by approximation from the saturated temperature steam tables. This works as 
follows. Data for a subcooled (or compressed) liquid are obtained as if the liquid were 
saturated at its given temperature, and the pressure is ignored. This approximation is 
reasonable, provided the actual and saturation pressures are not too far apart, within 
a few hundred psia for water, for example. 



, Btu lb 


14 POWERPLANT TECHNOLOGY 



32 100 200 300 400 500 


Temperature. 

Figure 1-4 EnthaJpy of subcooled water. 


Example 1-2 Find the enthalpy of water at (1) 70°F and 1 atm and at (2) 640°F 
and 2500 psia. 

Solution 

\. h = 70°F = 38.052 Btu/lb^ 

1. h = hfdX 640T = 679.1 Btii/Ib^ 

The American Society of Mechanical Engineers (ASME) tables for the compressed 
liquid give enthalpies of 38.09 and 673.47 Btu/lb;„, respectively. The approxi¬ 
mations have resulted in errors of less than -0.1 percent in condition 1 and less 
than -I- 1 percent in condition 2. Some subcooled water data is included in the 
superheat steam table, A-3, Appendix. 


1-6 THE SECOND LAW OF THERMODYNAMICS 

Whereas the first law of thermodynamics was one of conservation of energy, declaring 
that all forms of energy are convertible to one another, the second law puts a limitation 
on the conversion of some forms of energy to others. We are most concerned with 
two forms, heat and work. The second law docs not negate the equivalence of con¬ 
version of these two, only the extent. Work is the more valuable commodity. It can 
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Figure 1-5 A device that violates the Kelvin-Planck statement of 
the second law. 


be completely and continuously converted to heat. The opposite is not true. Heat 
cannot be completely and continuously converted to work. In other words, heat is not 
entirely available to do work on a continuous basis, i.e., in a cycle (though it may 
be in a process). 

The |X)rtion of heat that cannot thus be converted to work, called unavailable 
energy, has to be rejected as low-grade heat after the work has been done. Thus, while 
energy is conserved, availability is not. The availability of a system always decreases. 
Another way of phrasing the second law is that the thermal efficiency of continuously 
converting heat to work, in a heat engine, must be less than 100 percent. The Carnot 
cycle (Sec. 1-9) represents an ideal heat engine that gives us an upper value of that 
efficiency between any two temperature limits. 

There are a few historical statements of the second law that convey the above 
thoughts. Two are: 

1. The Kelvin-Planck statement.* It is impossible to construct a device which will 
operate in a cycle and produce no effect other than the raising of a weight and 
the exchange of heat with a single reservoir. In this statement “operate in a cycle” 
means operate continuously, “raising of a weight” means doing work, and “ex¬ 
change of heat with a single reservoir” means heat is only added, not rejected, and 
that there is a thermal efficiency of 100 percent. Figure 1-5 shows a device that 
violates the Relvin-Planck statement. 


* This statement is credited to both William Thompson, later Lord Kelvin (1824-1907), and Max Planck 
(1858-1947), though each stated it in a somewhat different way. Kelvin, who was knighted for helping 
lay the first transatlantic cable, was a professor of physics at Glasgow University, an excellent mathematician, 
an inventor, and a designer and was interested in athletics, the arts, and music. He contributed most to 
thermodynamics, establishing the thermodynamic temperature scale which is independent of the properties 
of matter He also helped establish the first law on a firm foundation and contributed to the statement of 
the second law. Max Karl Ernst Ludwig Planck was a German professor who studied in Munich and taught 
in the universities of Munich, Kiel, and Berlin. One of his great contributions was in wavelength radiation 
and the definition of the “black body.” He postulated the quantum theory and Planck’s constant h, which 
has continued to influence physics and related sciences to a degree well beyond its original intent. Planck 
had wide interests in fields other than physics, including philosophy, religion, and social and political 
matters. 
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Figure 1-6 A device that violates the Clausius state¬ 
ment of the second law. 


2. The Clausius statement.* It is impossible to construct a device which operates in 
a cycle and produces no effect other than the transfer of heat from a cooler to a 
hotter body. 


These two statements, though they say different things, can be shown to be 
equivalent. Figure 1-6 shows a device that operates between a high-temperature res¬ 
ervoir and a low-temperature reservoir. A reservoir is a source of heat or a heat sink 
large enough that it does not undergo a change in temperature when heat is added or 
subtracted from it. The device in Fig. 1-6 produces no effect other than the transfer 
of heat from the low-temperature reservoir to the high-temperature reservoir; hence, 
it produces (or absorbs) zero work. By the first law, with this device as a system, the 
heat Qi received from the low-temperature reservoir is equal to that delivered to the 
high-temperature reservoir. 

Let us now add to the above a device that does not violate the Kclvin-Planck 
statement (Fig. 1-7^). Let us also choose that second device so that it rejects to the 
low-temperature reservoir the same Qt as the first device. When we combine both 
devices (Fig. 1-7^), the result will be a device that receives Qh - Ql from the single 
reservoir, the high-temperature one, and produces work W. This violates the Kelvin- 
Planck statement. 


* Rudolf Julius Emmanuel Clausius (1822-1888) was a German professor of physics and a mathematical 
genius who worked in optics, electricity, and electrolysis and is credited with founding the kinetic theory 
of gases Clausius elaborated and restated the work of Carnot (Sec. 1-9) and thus deduced his famous 
principle of the second law. He wrote an exhaustive treatise on the steam engine in which he emphasized 
the then new concept of entropy. 
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(a) ih) 


Figure 1-7 Conversion of device in Fig. 1-6 to device in Fig. 1-5. 

1-7 THE CONCEPT OF REVERSIBILITY 

The concept of reversibility was first introduced in 1824 by Sadi Camot, who laid the 
foundations of the second law and introduced the concept of a cycle. Reversibility 
applies to processes. A cycle can be reversible, but only if all its processes are 
reversible. One irreversible process in a cycle renders the whole cycle irreversible. 

A reversible process, also called an ideal process, is one which can reverse itself 
exactly by following the same path it undertook in the first place and thus restore to 
the system or the surroundings the same heat and work previously exchanged. For 
example, process 1-2 in Fig. 1-2, which was called ideal and is now called reversible, 
is so only when it can trace its exact path back from 2 to 1 and thus give back the 
exact work of compression done upon it from 1 to 2. 

Needless to say there are no ideal, and hence no reversible, processes in the real 
world. Real processes are irreversible, although the degree of irreversibility varies 
between processes. There are many sources of irreversibility in nature. For our pur¬ 
poses, four are most important. These are friction, heat transfer, throttling, and miring. 

Friction Mechanical friction is one in which mechanical work is dissipated into a 
heating effect, such as in the case of a shaft rotating in a bearing. It is not possible 
to add the same heat to the bearing and expect the shaft to rotate. Another example 
is the rubbing of one’s hands. Thus fn^ionis the dissjpation^of energy th^ otlicrwise 
couW have been transform ed to useful work. 

Fluid friction is similar to mechanical. Ajfluid ex pan di ng be hi nd a p iston or^through 
a turbine undergoesJintem al fri ction, resultingjn th^dissip^ion of p art of its energy 
into heating itself at the exj)ense of useful work. The fluid then does less work and 
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exhausts atjL highep^temper^ture (or enthalpy) than it would had this fluid friction^not 
exJS^ The more irreversible the process, the more the heating effect and the less 
the work. 

Heat transfer Heat transfer in any ol its forms, conduction, convection, or radiation, 
occurs from a higher temperature to a lower temperature. It cannot reverse itself without 
the help of an external aid (a heat pump). If it could, it would violate the Clausius 
statement of the second law. 

Heat transfer causes a loss of availability because no work is done between the 
high- and low-temperature bodies. It also follows that the larger the temperature 
difference between the two bodies, the larger the loss of availability (i.e., the loss of 
potential work), and the larger the irreversibility. 

All power systems employ beat-transfer processes from a primary source, such 
as combustion gases or nuclear-reactor primary coolant, to a working fluid. It is thus 
important to reduce the temperature differences across the heat exchanger to the min¬ 
imum practicable to reduce this source of irreversibility, which is a primary cause of 
reduction in efficiency of real systems. 

Throttling Throttling is an uncontrolled expansion process of a fluid from a high- 
pressure (and occasionally high-tcmperaturc) region to a low-pressure region. Examples 
are leakage from a steam pipe or the flow through a valve. No work is done and heat 
transfer across the narrow opening is negligible. The resulting high kinetic energy is 
dissipated in fluid friction to restore the enthalpy of the fluid to its original value. In 
Eq, (1-1^/) all terms drop out except enthalpy, resulting in Eq. (l-24a), which is 
repeated here. 

/y, = H. il-24a) 

A throttling process, therefore, is a fomi of fluid friction, one in which the enthalpy 
is constant. Such a process is also called a Joule-Thompson expansion. Thro ttl ing is 
irreversible because Ilow cannot be Reversed from the low-pressure region to the high- 
pressure region. It results in the loss of availability, i.e., the loss of work that could 
ha'^ been otherwise obtained if expansion between the two regions occurred ideally 
behind a piston or through a turbine. 

It follows that the greater the pressure difference in throttling, the greater the 
irreversibility. Throttling should be avoided or minimized in power systems, though 
it is necessary in some applications. 

Mixing When two or more separate fluids or gases are made to mix or diffuse into 
each other, they cannot unmix without external aid. Hence mixing is an irreversible 
process that results in the loss of availability of the constituent fluids. Mixing is 
unavoidable in many cases, such as when fuels and air are prepared for combustion 
or when steam and colder water mix in certain devices, such as open feedwater heaters. 
It is not, however, as major a concern in power systems as fluid friction or heat 
transfer. 
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External and Internal Irreversibilities In power systems, irreversibilities are some¬ 
times classified as external and internal. 

External irreversibilities are those that occur across the boundaries of the system. 
The primary source of external irreversibility in power systems is heat transfer, both 
at the high-temperature end, the heat source, and the low-temperature end, the heat 
sink. Another source of external irreversibility in power systems is mechanical friction 
in bearings of rotary machines such as turbines, compressors, pumps, and generators 
and electrical losses in the latter and in distribution systems. 

Internal irreversibilities are those that occur within the boundaries of the system. 
The primary source of internal irreversibility in power systems is fluid friction in rotary 
machines such as turbines, compressors, and pumps and in pipes and valves. Other 
sources are throttling and mixing. 


1-8 THE CONCEPT OF ENTROPY 

Entropy, first introduced by Clausius in 1865, is a property, as are pressure, temper¬ 
ature, internal energy, and enthalpy. It is given the symbol S (and sometimes ^>) and 
has the units Btu per degree Rankine (Btu/'^R) or the units joule per kelvin (J/K). 
Specific entropy s has the units Btu/(lb^ • °R) or J/(kg • K). The physical meaning of 
entropy will be apparent later. It is convenient to introduce it first as a mathematical 
convenience. 

An analog is made with nonflow work 

AW„f=j'P‘fV (1-26) 

This expression strictly gives the nonflow work for a reversible or ideal process because 
it is the only case where there is pressure equilibrium, i.e., when the pressure at the 
face of the piston is the same as in the bulk of the fluid, a situation that does not 
happen in nature, especially for high-speed machines. Its use, however, is extended 
to real processes because the pressure differential is small. 

Equation (1-26) shows that the nonflow work is, graphically, the area under the 
process when plotted on a P~V diagram (Fig. l-8fl). Because heat, like work, is an 
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important energy term in energy systems, we ask ourselves: Wouldn t it be convenient 
to have a similar graph where areas represent heat? It is natural to have temperature 
as one of the ordinates. We invent the second and call it entropy. As AW^f = fi P 
dV strictly for a reversible process, then we can write 



(reversible process only) 


(1-36) 


and the area under process 1-2 on the T-S diagram equals AQ (Fig. l-8h). As we shall 
see, although we can waive the reversibility requirement for Eq. (1-26) with little 
error, we cannot do the same for Eq. (1-36), which is true strictly for reversible 
processes. 

In both Eqs. (1-26) and (1-36), if the integral is positive, i.e., we move from left 
to right, work is done by and heat is added to the process. In cycles, the net work 
and net heat of the cycles are represented by the enclosed areas on the P-V and T-S 
diagrams, provided the cycle is reversible (i.e., all its processes are reversible) in the 
case of the T-S diagram. 

It also follows that the net work of a cycle, such as the diesel cycle (Fig. 1-2), 
is equal to the enclosed area of the cycle on the P-V diagram. A cycle is a power 
cycle, i.e., the net work is positive, if the cycle is clockwise. It is a reversed cycle 
or a heat pump if the net work is negative and the cycle is counterclockwise on the 
P-V diagram. It also follows from Eq. (1-29) that the enclosed area on the T-S diagram 
is also equal to the net work if the cycle is reversible. The enclosed areas on the 
P-V and T-S diagrams for the same reversible cycle are therefore equal in sign and 
magnitude, taking scales and conversion factors into account, of course, 

We now examine (1 -36) further. A reversible adiabatic process (already mentioned 
in the case of the ideal diesel cycle), while not existing in nature, is a most imp)ortant 
process in cycle analysis. For such a process, being adiabatic, AQ = 0, and being 
reversible, it obeys Eq. (1-36). Thus, for an adiabatic reversible process, 

JrdS = 0 (I-37a) 


and because T cannot equal zero, dS = 0 

or S = constant (l-37b) 

and s = constant (adiabatic reversible process) 

Thus an adiabatic reversible process is one of constant entropy, i.e., vertical on the 
T-S diagram, as represented by the expansion line 1-2, (Fig. I-9a). 

All this leads to one physical meaning for entropy: Entropy is the property that 
remains constant in an adiabatic reversible process. This is much like temperature 
being the property that stays constant in an isothermal process; pressure in a constant- 
pressure process, etc. A more important physical meaning will become apparent shortly. 

Let us now assume that the expanding fluid is a perfect gas (though we can easily 
come to the same conclusions using a vapor or a mixture of liquid and vapor.) Lines 
P\ and P 2 (Fig. l-9a) are constant-pressure lines for a perfect gas on the T-s plane 
where P] > Pj- Their shape can be ascertained from the perfect-gas relationship 
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Figure 1-9 Expansion (a) and 
compression (b) of a gas from Pi 
to P 2 on the T-S diagram. 1-2, 
adiabatic reversible, 1-2 adi¬ 
abatic irreversible, 1-2, throt¬ 
tling. 


^2 “ *^1 = Cp In (r2/7’i) (Table 1-3). Let us further assume that the gas starts at I 
with 7,, 5i (and corresponding P, and Vi) and expands adiabatically to pressure P 2 . 
We have already seen that if the process is reversible as well as adiabatic, entropy 
remains constant and the process is represented by 1 - 2 ,. 

The question is; What does the process look like if it were adiabatic but irre¬ 
versible? We have already noted that irreversibility would manifest itself in an increase 
in temperature of the gas leaving at P 2 , point 2 , beyond that for the adiabatic reversible 
process. Thus T 2 > 72 ., On the line, which curves upwards, this can only occur 
if the entropy at 2 is greater than at 2,. A more irreversible expansion results in greater 
self-heating of the gas and the process would be 1-2', etc. In other words: The furcater 
the irreversibility, the greater the increase in ^tropy in an adjabatic process. 

If the expansion were to occur in a turbine, the work is obtained from the first 
law (which applies equally to reversible and irreversible processes) for the three pro¬ 
cesses as Hi - H 2 s, H\ - Hjy and Hi ~ Hj . respectively. Because the T 2 > T 2 > 
72 ,, and dh = Cp dT for gases, then Hj > > H 2 s Thus the work produced by the 

turbine W 7 - for three cases is given by 

Hi - H2 s> Hi - H2> Hi ~ Hr 

The adiabatic reversible turbine produces the most work. The greater the irreversibility, 
the less the work. 

The process 1-2, is one of constant temperature and hence, for a gas, constant 
enthalpy. This is a throttling process fEq. (1-11)], where the work tJi is zero and all 
energy is dissipated in fluid friction. This is the most irreversible process and the one 
with the most increase in entropy (Fig. 1 - 9 - 3 ). 

The degree of irreversibility is given by an expansion or turbine efficiency called 
the polytropic turbine efficiency rfr (sometimes called the isentropic or adiabatic turbine 
efficiency), which is equal to the ratio of actual work to ideal work and is given by 

^ Hi - H 2 ^ hi - hj 
^ Hi - H2, hi - hz. 


(1-38) 
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and for constant specific heats 



(1-39) 


In the case of compression from P\ to Pj where Pi > P\ (Fig. \-9b), an adiaba¬ 
tic reversible compression follows the constant entropy path 1-2,. In the case of adi¬ 
abatic irreversible compression the gas leaves at a higher temperature 7^2, here be¬ 
cause the fluid absorbs some work input which is dissipated in fluid friction. The 
greater the irreversibility, the greater the exit temperature T 2 > T 2 > T 2 , and 
the greater the increase in entropy. Again, since dh = c), dT for gases, then 
H2>H2> H 2 S and the work absorbed in compression |W, | increases with irreversibility 
or 


H2 - /y, > //: - /7. > Hz. - 

The degree of irreversibility here is given by a compressor efficiency, called the 
polytropic compressor efficiency rj, (and sometimes the isentropic or adiabatic com¬ 
pressor efficiency) equal to the ratio of ideal work to actual work (the reverse of that 
for expansion) and given by 


■> - ^1 ^ hi, - hi 
H2 - //, /Jz “ h 


and for constant specific heats 



(1-41) 


We can now state that cjian^e of entropy is a measure of the unavailable energy, 
which leads us to an important physical meaning of entropy, namely that entropy is 
a measure of irreversibility, or more generally: Entropy is a measure of disorder. 
This is a concept that is used in sciences other than thermodynamics, such as social 
sciences that deal with society disorders. 

Becaus e th e universe jis aa isolated ^stem it does not exchange energy across its 
bounJS^ies; i.e^, it is adiababc. Bgiajuse n is ^11 of irrever^b[e processes^f follows 
that; The entropy of the universe is continually on the increase andjhe end of the 
uTh verse w^d oc^ur when entropy is at maximiim, i.e., when all energy has been 
dissipated to a bottom state, when all availability is lost, when all matter is at the 
same temperature and no life, as we know it, is possible. 

In the case of vapors, when expansion between P, and P 2 ends in the two-phase 
region, shown in Fig. 1-10 on both T s and h-s (Mollier) charts, the same observation 
as for the gases applies except that the exit temperature is the same for the adiabatic 
reversible and adiabatic irreversible processes because they are both in the two-phase 
region. The exit enthalpy, however, is greater in the case of the irreversible process 
hi > h 2 , and the work is less; fi, - hj < h^ - / 12 .,. The degree of irreversibility here 
is given by a turbine efficiency, the same as in Eq. (1-38). 
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Figure 1*10 Expansion of a vapor from P, to Pj on the 7-s and Mollier ih-s) diagrams. 1-2, adiabatic 
reversible, 1-2 adiabatic irreversible. 


In the case of pumping liquids, a pump efficiency 77 ^,, given by the ratio of ideal 
work to actual work, is used to obtain the actual work. Using Eq. (l-22a). actual work 




H2s - 

Vr 


U(P, - PJ 
Vr 


(1-42) 


1-9 THE CARNOT CYCLE 

Sadi Carnot* laid the foundations of the second law of thermcxJynamics, introduced 
the concepts of reversibility and cycles, and introduced the principle that the temper¬ 
atures of the heat source and heat sink determined the thennal efficiency of a reversible 
cycle. He also postulated that because all such cycles must reject heat to the heat sink, 
efficiency is never 100 percent [7). To show this, and to show that the effect of the 
working fluid on the thermal efficiency of a reversible cycle is nonexistent, Carnot 
invented his famous, though hypothetical (one cannot build a reversible engine), Carnot 
cycle. 

The Carnot cycle, shown in Fig. 1-11 on the P V and T-S diagrams, is composed 
of four processes; 


* Nicolas Leonard Sadi Camot (1796-1832), despite his profound and lasting effect on the science of 
thermodynamics, was a quiet, unassuming Frenchman who lived during the turbulent Napoleonic years and 
had an unspectacular life. One of his mottoes, “Speak little of what you know and not at all of what you 
do not know,” reflects something of his demeanor. 
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Figure 1-11 Camol cycle on the P-V and T-S diagrams. 


1. 1-2: reversible adiabatic compression 

2. 2-3: reversible constant-temperature heat addition 

3. 3^: reversible adiabatic expansion 

4. 4-1: reversible adiabatic heat rejection 

The thermal efficiency of the Carnot cycle y)c can now be easily obtained, noting 
that the change in entropy during heat addition and rejection are equal in magnitude. 
Thus 


Qa — Th (^i — Si) 


& = (5, - Sd 


or \Qr\ = Tl iS, - 5.) = n (S, - Si) 

where Th and 7/ are the heal source and heat sink absolute temp)cratures, respectively. 
Note that the Carnot cycle is both externally and internally reversible. TTius heat transfer 
between the heat source and the working fluid occurs, hypothetically, across a zero 
temperature difference. Hence T„ = Ti. Similarly = T^. 

For all power cycles the net work and the thermal efficiency are defined by 

AVVnet = Qa ~ \Qr\ (1-43) 

and Vo, - 

Thus, the themal efficiency of the Camot cycle tjc is given by 


Vc ~ 


Th - n 


(1-45) 


This relationship can also be easily obtained from the net woric of the different processes 
using the appropriate relationships in Table 1-1 (Prob. 1-11). 
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Equation (1-45) shows that the thermal efficiency of the Carnot cycle is only a 
function of the heat source and heat sink temperatures and is independent of the working 
fluid. Indeed this conclusion is true of other reversible cycles (Stirling, Ericsson) that 
receive and reject heal at constant temperature. 

Because the Carnot cycle is reversible, it produces the maximum work possible 
between the g ven temperature limits and Ti and, hence, a reversible cycle operating 
between given temperature limits has the highest possible thermal efficiency of all 
cycles operating between these same temperature limits. 

The Carnot efficiency, therel^ore, is to be considered an upper limit, an ideal, a 
goal to stnve toward when building real cycles, but one that is impossible to exceed 
or equal. 

Another observation of importance is that the trends predicted by the Carnot cycle 
apply to real cycles. Thus real cycles will have higher efficiencies, the higher the 
temperature at which they receive heat and the lower the temperature at which they 
reject heat. 

Example 1-3 Air expands in a gas turbine from 10 atm and 2000°F to 1 atm. 

The exhaust teniperature is I050°F. Assuming a constant specific heat of 0.240 

Btu/(lb^ • °F), find the turbine work in Btu/lb^ and the turbine adiabatic efficiency. 


Solution Wj - - ^2 = -- T 2 ) = 0.24(2000 - 1050) 

= 228 Btu/lb,„ 


Referring to Table J-3 and Fig. I-9a 

Zk‘ - /^y* "* 7 ~;. 

T\ ^ {pj (2(XX) + 460) 



(J 4 - l)/0.4 


Therefore Tj, = ]274.2°R = 8I4.2T 


Vt = 


hi - hi, _ T| - Ti^ 
hi - hi ~ Ti - Ti 

2000 - 1050 ^ 
2000 - 814.2 


(for constant r^) 


= 80.1% 


Example 1-4 Find the work of the turbine of Example 1-1 but use variable specific 
heats. 


Solution Using Eq. (1-19) 

= r c ^ = C“(0,219 + 3.42 X lO T - 2.93 x lO"’ 7^) rfT 
Ji ’’ Jisio 




2197’ T 


3.42 X \0r^ ^ _ 2.93 x la^ ^ 


2 


3 
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3.42 X l(r^ , , 2.93 X 

= 0.219(2460 - 1510) + - - -(246tf - 1510^)- - - 

(2460"' - 1510^) 

= 208.05 + 64.49 - 14.54 


= 258 Btu/lb^ 


as compared with Wj - 228 Btu/lb^ when a constant specific heat at low temperature 
[0.24 Btu/(lb^ • °R)] was used. 

To get the adiabatic efficiency, it is necessary to calculate Ti^ and his using average 
values of Cf, and k between 7, and the unknown 72 .,- The solution may be obtained by 
trial and error, keeping in mind that because both Cp and c,, increase with temperature, 
and the difference between them is a constant, k — Cp/Cy decreases with temperature. 
Thus one expects that Tis would be greater than in Example 1-1. Assuming it to be 
950°F, find an average between 2000 and 950T using Eq. (1-19) 


/-246() 
J 141U 


Cf. dr 


20(K) - 950 


287.64 

1050 


0.2739 Btu/(lb„ ■ "R) 


r, = Cp - 7? = 0.2739 - -f— = 0.2739 - 0,0685 = 0.2054 Btu/(lb„ • "R) 
/ /o.Io 

Therefore J = - i 3335 

0.2054 

0..C3.1., 

and r,, = r, 2460 x 0.5622 = 1383°R = 923°F 


A second trial and error shows that c, = 0.2736 and T 2 , = 1382°R = 922°F compared 
with 814.2°F for the adiabatic reversible work. 

The ideal work is 

/ ■246() 

I.C82 = 295.4 Btu/lb„ 

The turbine adiabatic efficiency is 
258.0 

^ = 0.873 = 87.3% 

Compared with 80.1 percent when calculated using Cp = 0.24 Btu/(lb„ ■ °R), In the 
case of air with products of combustion, as in the case with gas turbrnes and other 
devices there are available property tables [ 8 ] that take into account the temperature, 
the fuel-air ratios, and the effects of chemical equilibrium 
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Example 1-5 A water pump compresses saturated water at 1 to 2500 psia. The 
pump efficiency is 0.70. Find the ideal and actual pump and the water exit 
temperature. 


Solution We will use two methods. 


1. Assume water to be incompressible so that v = constant = v, at 1 psia = 0.016136 
ft^/lb^, and no temperature rise across the pump. 


Ideal pump work J 


Actual pump work \Wp\ 


V,(P2 


0.016136(2500 - 1)144 
778.16 ~ 


7.46 Btu/lb^ 

_ 1_M 
Vr <^'7 


10.66 Btu/lb^ 


2. Use the ASME steam tables [61 

T, = 101.74"F 5, = 0.1326 Btu/lb,„°R /i, = 69.73 Btu/lb^ 


Using the compressed-liquid tables (a portion of which is reproduced in Table 
1-5), for the ideal case .^ 2 , = j>i = 0.1326. By interpolation Tj., = 102.63°F, V 2 , 
= 0.01602 ftVlb,„, his = 77.17 Btu/lb^. Thus, the temperature rises by 0.89°F 
and, in the ideal case, the specific volume decreases by 0.72 [percent. 

Ideal work = 77.17 - 69.73 = 7.44 Biu/\K 


7.44 


Actual work \Wp\ = 


10.63 Btu/lb,„ 


The actual temperature and specific volume changes may be obtained by inter¬ 
polation at hi = 69.73 + 10.63 = 80.36 Btu/lb,„, as 105.86°F and 0.01603 ftV 


It can be seen that the two methods are fairly comparable even for the large 
pressure difference chosen for this example. Thus method I is sufficiently accurate 
for most calculations, with the possible exception of exit water temperature. 


Table 1-5 Liquid data used in calculation of example 1-5* 


Pressure, 

psia 

Temperature, 

“F 

Specific volume, 
ftVlb„. 

Enthalpy, 

Btu/lb„ 

Entropy, 
Btu/(lbm ■ “R) 

i.O 

101.74 

0.016136 

69.73 

0.1326 

2500 

(saturated) 

100 

110 

0.01601 

0.01605 

77.57 

84.45 

0.1280 

0.1455 


’Data from Ref. 6. 
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PROBLEMS 

I-l A perfect gas that has a constant specific heat at constant pressure - 0.26 Btu/lb« undergoes an 
expansion process in a steady-flow machine with a mass flow rate of JOO Ib^h. The machine is water- 
cooJed The water mass flow rate .s 10 Ibjh. Dunng the process the gas temperature drops from 200 to 
JOOT and the water temperature nses from 70 to 100°F. Ignonng changes in potential^ and kinetic energies 
for the gas. calculate the work of the gas in Btus per hour and watts. for water - 1.0 Bru/(lb;„ °R).) 
1-2 Air at 140°F and 100 psia is confined in an uninsulated 10-ft^ vessel. A propeller is dnven inside the 
vessel by a 50-W electric motor After a period of I h the air temperature dropped to 100°F, Find the heat 
transfer in Bfu per hour. 

1-3 A gas has a molecular mass of 30 and a specific heat at constant pressure of 0.25 Btu/(]b„ °R). It 
undergoes a nonflow polytropic compression during which its temperature increases from 100 to 200 F. 
The polytropic exponent is 1..1 Calculate the work done and the heat transfer in Btus per pound mass. 

1-4 1000 lb;^h of pure air enters a gas turbine at 2000°F and leaves at 1000°F. Find the work in kilowatts 
using variable specific heat for air, and the error if a constant specific heat equal to that at low temperatures 
is used. 

1-5 Calculate the average specific heats for air in Btus per pound mass per degree Rankine between 1000 
and 2000T. 

1-6 Steam is confined in a 100-ft^ rigid vessel at 5000 psia and 100(fF. Find its mass in piounds mass using 
(a) data from the steam tables and (h) the compressibility chan 

1-7 A 10-m^ ngid tank contains steam at 30 bar and 400“C. It is left to cool down until its pressure drops 
to 5 bar. Find (a) the final condition of the steam and (h) the heat transfer, in kilojoules. 

1-8 A rigid 10-ft^ vessel contains air at 15 psia and 1(X)0°F. Heal is added until the air temperature reaches 
2000"F, Assuming variable specific heats, calculate (a) the heat added, in Btus, and (h) the final pressure, 
pounds force per square inch absolute. 

1-9 Steam at 30 bar and 400°C expands behind a piston in an insulated cylinder to 5 bar and 20 ft\ Find 
the work done in kilojoules. 

1-10 10 Ib^j'h of liquid ammonia at 87°F and 250 psia is throttled into a flash tank to 100 psia. Ammonia 
vapor is drawn out at the lop of the tank while liquid is di.scharged at the bottom. What are the temperature 
in degrees Fahrenheit, mass and volume flow rates in pounds mass per hour and cubic feel per hour of the 
two streams? 

1-11 Derive the expression for the Carnot cycle efficiency [Eq. (1-45)] using the appropnate work relation 
for gases from Table 1-3. 

1-12 An inventor claims to have built an engine that operates on a cycle, receives KXX) kJ at 500"C, 
produces work, and rejects 350 kJ at 50T. Is this claim valid? Why? 

1-13 The Carnot cycle is rectangular on the T-s diagram. Consider another cycle that is rectangular, but 
on the P-v diagram. Draw that cycle on both the T-s and P-v diagrams, labeling comers correspondingly, 
and name all its processes 

1-14 Derive expressions for the efficiency of the cycle in Prob. I -13 in terms of its high and low temperatures 
Tff and T^, and constant specific heats Cp and Cv of a gas working fluid for the cases of equal (a) temperature 
rises and (b) heats added at constant volume and pressure. Is this a good cycle? Why? 

1-15 Using the expression for the change in entropy of gases for a ]X)lytropic process in Table 1-3, derive 
similar exfnessions in terms of changes in (a) pressure and temperature and (h) volume and temperature. 
1-16 A reversible cycle consists of an isentropic compression from an initial temperature T, to 1000®R, a 
constant-volume process from 1000 to 1500®R a reversible adiabatic expansion to 1000°R a constant-pressure 
expansion from 1000 to 1500Tt, and a constant-volume process to the initial temperature. Draw the cycle 
on the P-v and T-s diagrams, and calculate the initial temperature if the working fluid is a gas with k = 
1.40. 

1-17 Air expands from 10 bar and 1000"C to 1 bar and SOOX in an msulatcd turbine. Calculate (a) the 
turbine polytropic efficiency, (b) the change in entropy, in kilojoules per kilogram per Kelvin, and (c) the 
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work, kilojoules per kilogram, and {d) the polytropic exponent n. Assume a constant specific of 1.005 kJ/ 
kg-K. 

1-18 Helium is compressed from 15 psia and 40°F to 60 psia The compressor adiabatic efficiency is 0.70. 
Find {a) the helium exit temperature, in degrees Fahrenheit, (b) the work done in Btu per pound mass, and 
(c) the change in entropy, Btu/lb^n “R 

1-19 1000 kg/h of water at 60°C and I bar are pumped to 100 bar. The pump efficiency is 0.65. Find the 
work in kilowatts. 

1-20 Saturated Freon-12 vapor at 215 psia expands in a nozzle to 72.433 psia. The nozzle has an efficiency 
of 0.95 and an exit area of 10 in^. Find the mass flow rate in pounds mass per hour. 

1-21 10* ibjh of steam at 2500 psia and lOOfTF expand in a turbine to I psia. The turhine has adiabatic 
and mechanical efficiencies of 0.90 and 0.95, respectively. It dnves an electric generator that has an 
efficiency of 0.96. Calculate the output power of the generator in megawatts. 



CHAPTER 

_ TWO 

THE RANKINE CYCLE 


2-1 INTRODUCTION 

When the Rankine* cycle was devised, it was readily accepted as the standard for 
steam powerplants and remains so today. Whereas the ideal diesel cycle (Fig. 1-2) is 
a gas cycle and the Carnot cycle (Fig. 1 -11) is a cycle for all fluids, the Rankine cycle 
is a vapor-and-liquid cycle. 

The real Rankine cycle used in powerplants is much more complex than the 
onginal, simple ideal Rankine cycle. It is by far the most widely used cycle for electric- 
power generation today and will most certainly continue to be so in the future. It is 
the backbone of much of the work presented in this book. 

This chapter is devoted exclusively to the Rankine cycle, from its simplest ideal 
form to its more complex nonideal form with modifications and additions that render 
it one of the most efficient means of generating electricity today. 


2-2 THE IDEAL RANKINE CYCLE 

Because Rankine is a vapor-liquid cycle, it is most convenient to draw it on both the 
P-V and T-S diagrams with respect to the saturated-liquid and vapor lines of the working 
fluid, which usually, but not always, is H 2 O. Figure 2-1 shows a simplified flow 


* William John M. Rankine (1820-1872) was a professor of civil engineering at Glasgow University. 
He was an engineer and scientist of many talents which, besides civil engineering, included shipbuilding, 
waterworks, singing, and music comjxjsition. He was one of the giants of thermodynamics and the first to 
write formally on the subject. 
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Figure 2-1 Schematic flow diagram 
of a Rankine cycle. 


diagram of a Rankine cycle. Figure 2-2^ and h shows ideal Rankine cycles on the (a) 
P-v and ib) T s diagrams. The curved lines to the left of the critical point (CP) on 
both diagrams are the loci of all saturated-liquid points and are the saturated-liquid 
lines. The regions to the left of these are the suhcooled-liquid regions. The curved 
lines to the right of CP are the loci of all saturated-vapor points and are the saturated- 
vapor lines. The regions to the right of these lines are the superheat regions. The 
regions under the domes represent the two-phase (liquid and vapor) mixture region, 
sometimes called the wet region. 

Cycle 1-2-3-4-fi-l is a saturated Rankine cycle, meaning that saturated vapor 
enters the turbine. r-2'-3-4-5-r is a superheat Rankine cycle, meaning that super¬ 
heated vapor enters the turbine. The cycles, being reversible, have the following 
processes. 




ih) 


Figure 2-2 Ideal Rankine cycles of the (a) P-v and (b) T-s diagrams. 1-2-3-4-5-1 saturated 
cycle. l'-2'-3-4-fl-l' = superheated cycle. CP = cntical point. 
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1- 2 or r-2': adiabatic reversible expansion through the turbine. The exhaust vapor 

at 2 or 2 ' is usually in the two-phase region. 

2 - 3 or 2 '- 3 : constant temperature and, being a two-phase mixture process, constant- 

pressure heat rejection in the condenser. 

3 - 4 : adiabatic reversible compression by the pump of saturated liquid at the condenser 

pressure, 3, to subcooled liquid at the steam-generator pressure, 4. Line 3-4 is 
vertical on both the P-V and T-S diagrams because the liquid is essentially in¬ 
compressible and the pump is adiabatic reversible. 

4- 1 or 4-1': constant-pressure heat addition in the steam generator. Line is 

a constant-pressure line on both diagrams. The portion 4-B represents bringing 
the subcooled liquid, 4, to saturated liquid at B. The section 4-B in the steam 
generator is called an economizer. The portion B- \ represents heating the saturated 
liquid to saturated vapor at constant pressure and temperature (being a two-phase 
mixture), and section B- \ in the steam generator is called the boiler or evaporator. 
Portion l-T, in the superheat cycle, represents heating the saturated vapor at 1 
to r. Section l-T in the steam generator is called a superheater. 


The cycles as shown are internally reversible so that the turbine and pump are 
adiabatic reversible and hence vertical on the T-S diagram; no pressure losses occur 
in the piping so that line 4-B-[-\' is a constant-pressure line. 

The analysis of either cycle is straightforward. Based on a unit mass of vapor in 
the saturated cycle 

Heat added Qa = h] - Btu/lb^ or J/kg ] 


Turbine work wj = - hj 


Btu/lb^ or J/kg 


Heat rejected = /12 “ Btu/lb^ or J/kg 

Pump work \w^\ = h^ - hy 


(M) 


Net work = {h^ - J 12 ) 

Ah' 


Thermal efficiency = 




(/14 - hj) Btu/lb^ or J/kg 

^ (^1 - ^2) - (^4 - /t3) 

(hi - J14) 


For small units where P 4 is not loo large compared with P 3 , /14 === J 13 , the pump 
work is negligible compared with the turbine work, and the thermal efficiency may 
be simplified with little error to (/i, - hjVihi - /13). This is not true for modem steam 
powerplants where P 4 is 1000 Ib/in^ (about 70 bar) or higher, while P 3 is about 1 lb/ 
in^ (0.07 bar). The pump work in this case may be obtained by finding /13 as the 
saturated enthalpy of liquid at Pj from the steam (or other vapor) tables given in Apps. 
A to F. /14 is foul'd from subcooled liquid tables at and P 4 . is nearly equal to 
T 3 , and the latter is usually used in lieu of T 4 , which is difficult to obtain (see Sec. 
1-5). Finally, a good approximation for the pump work may be obtained from the 
change in flow work (Example 3, Sec. 1-2). Thus 

Wp\ = V3(/>4 - P,) 


( 2 - 2 ) 
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which should be converted to the same units as in Eq. (2™1) by the use of proper 
conversion factors, such as multiply by 144 to convert psia (i)ounds force per square 
inch absolute) to pounds force per square foot absolute and divide by 778.16 to convert 
foot pounds force to Btu. 

Another parameter of interest in cycle analysis is the work ratio WR, which is 
defined as the ratio of net work to gross work. For the simple Rankine cycle the work 
ratio is simply 

The superheat cycle r-2'-3-4-B-r is analyzed by use of Eqs. (2-1) and (2-2), 
except r is to be substituted for 1. 

Because of the information it readily gives regarding the turbine and pump pro¬ 
cesses, the T-S diagram is more useful than the P-V diagram and is usually preferred 
when only one is used. The Mollier, or enthalpy-entropy, diagram is another useful 
diagram. Its utility, however, is restricted to processes involving the turbine because 
it gives little or no information of the liquid region. 


2-3 THE EXTERNALLY IRREVERSIBLE RANKINE CYCLE 

External irreversibility, we are reminded, is pnmarily the result of the temperature 
differences between the primary heat source, such as the combustion gases from the 
steam generator furnace or the primary c(X)lant from a nuclear reactor, and the working 
fluid; and the temperature differences between condensing working fluid and the heat 
sink fluid, usually the condenser cooling water. 

In Fig. 2-3, line ab represents the primary coolant in a counterflow heat exchanger 
with the working fluid 4-fi-l in a saturated Rankine cycle. Line cd represents the heat 
sink fluid (condenser cooling water) in a tounterflow or parallel-flow heat exchanger 
with the condensing working fluid 2-3; both types are the same because the latter is 
at constant temp)erature. 

As can be seen, the temperature differences between line ah and 4-B-l-l' and 



Figure 2-3 External irreversibility 
with Rankine cycle. 
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between 2-3 and line cd are not constant. We shall evaluate the effects of these 
differences beginning with the upper end. Figure 2-4 shows temperature-heat exchanger 
path length diagrams for (a) parallel-flow and {b) counterflow heat exchangers (steam 
generators) and the effect of flow directions in the heat exchanger. The minimum 
approach point between the two lines, called the pinch point, represented by b-\ and 
e-B, must be finite. Too small a pinch-point temperature difference results in low 
overall temperature differences and, hence, lower irreversibilities, but in a large and 
costly steam generator; too large a pinch-point temperature difference results in a 
small, inexpensive steam generator but large overall temperature differences and ir¬ 
reversibilities and, hence, reduction in plant efficiency. The most economical pinch- 
point temperature difference is obtained by optimization that takes into account both 
fixed charges (based on capital costs) and operating costs (based on efficiency and, 
hence, fuel costs). 

Figure 2-4, in addition, clearly shows that the overall temperature differences 
between the heat source and the working fluids are greater in the case of the parallel- 
flow than counterflow heat exchangers; the result is a less efficient plant if parallel 
flow is used. Heat-transfer considerations also favor counterflow, resulting in higher 
overall heat-transfer coefficients and hence small heat exchanger. Thus counterflow is 
favored over parallel flow from both thermodynamic and heat-transfer considerations. 

We will now examine the effect of the type of heat source fluid. Such a fluid may 
be a gas, such as the combustion gases in a fossil-fueled powerplant, the primary 
coolant in a gas-cooled reactor, such as CO 2 or He (Sec. 10-11), the water from a 
pressurized-water reactor (Sec. 10-2), or the molten sodium from a liquid-metal fast- 
breeder reactor (Chap. 11). This variety of fluids has different specific heats and mass- 
flow rates. Water from a pressurized-water reactor has a higher specific heat Cp than 
gases but also a higher mass-flow rate m because an effort is made to limit the 
temperature rise of water through the reactor to maintain nearly even moderation of 




Figure 2-4 Effect of flow direction on external irreversibility; {a) parallel flow, (b) counterflow. 
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the neutrons (Sec. 9-8). Thus the product mcp is greater in the case of water than in 
the case of gases. 

Assuming that a differential amount of heat dQ exchanged between the two fluids 
is proportional to a path length dL and that dQ = mCp dT, where dT is the change in 
primary-fluid temperature in dL, the slope of line ab is then proportional to the recip¬ 
rocal of mCp or 


dT 1 

~ ^ -— (primary fluid) (2-S) 

dL mCp ■ ^ 

Hence the slope of line ab for water is much less than that for gases. Liquid sodium 
falls in between, though closer to gases than to water. This state of affairs is shown 
in Fig. 2-5 for a counterflow heat exchanger. It can be seen that for a given pinch- 
point temperature difference, the overall temperature differences between the primary 
and working fluids are greater in the case of gases than water, in particular in the 
boiler section, between ae and B-\. 

This brings us to an important deduction, namely the determination of whether 
or not superheat (and reheat) is advantageous. We note that there are two distinct 
regions where the external irreversibility exists at the higher-temperature end of the 
cycle. These are; (1) between the primary fluid and the working fluid in the boiler 
section, i.e., between ae and B~\, and (2) between the primary fluid and the working 
fluid in the economizer section, i.e., between be and 4-B. We shall deal with these 
in turn in the next two sections. 

There is little that can be done to improve things in the low-temperature end of 
the cycle, i.e., between 2-3 and cd in the condenser (Fig. 2-3), short of optimizing 
the condenser to obtain the lowest temperature differences between the two lines. 
Remember, however, that the lower the temperature of the cooling water at c, the 
lower the condenser steam temperature and the higher the cycle efficiency. 




Figure 2-5 Effect of primaiy fluid type on external irreversibility; (a) water, (b) gases or liquid 

metal. 
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2-4 SUPERHEAT 

In this section we will deal with the temperature differences between ae and B-l (Fig. 
2-5). It can be seen that these for a given pinch-point temperature difference 
gases (and liquid metals) exhibit larger and increasing temperature differences as the 
working fluid boils from B-\ than is the case of water where the slope of line ae is 
much lower. 

Although the temperature levels are not the same in the two cases, the gases are 



j 



Figure 2-6 Superheat with (a) water 
as primary fluid, (/?) gases or liquid 
metal as primary fluid. 
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usually at higher temperatures, the irreversibility in the case of gases can be reduced 
by the use of superheat (Fig. 2-6) by bringing the two lines back together again at a 
and r and thus reducing the overall temperature differences between ae and 1 - 1 ' 
(line 4-5-1-r is a constant-pressure line). Thus superheat would improve the cycle 
thermal efficiency. Looking at it another way, superheat allows heat addition at an 
average temperature higher than using saturated steam only. From the Carnot analogy, 
this should result in higher cycle efficiency. 

In the case of water, superheat is not practical because the differences between 
ae and ^-1 vary little. Actually, if we were to fix the temperature at 1 and use superheat, 
we would need to lower the boiling temperature (and hence pressure) in 5-1, as seen 
by the dashed line in Fig. 2-6a. This increases rather than decreases the overall 
temperature differences and results in reducing rather than increasing cycle efficiency. 
This is the reason why fossil-fuel and gas-cooled and liquid-metal-cooled nuclear 
powerplants employ superheat, while pressurized-water-cooled reactors do not. (A 
boiling-water reactor, Sec. 10-7, produces only saturated steam within the reactor 
vessel.) 

Superheat has an additional beneficial effect. It results in dner steam at turbine 
exhaust 2' as compared with 2 for saturated steam (Fig. 2-2 and Example 2-1). A 
turbine operating with less moisture is more efficient and less prone to blade damage. 

Example 2-1 Consider three Rankine steam cycles, all exhausting to 1 psia. Cycle 
A operates at 2500 psia and 1000°F; cycle B operates with 2500 psia saturated 
steam; and cycle C operates with superheated steam at a temperature equal to that 
of cycle B but with a pressure of 1000 psia. Calculate the efficiencies and exhaust 
steam qualities of the three cycles. 

Solution Using Eqs. (2-1) and (2-2), and the steam tables, and referring to Fig. 
2-2, calculations for cycle A are 

/ir = 1457.5 Btu/lb,„ 5, = 15269 Btu/(lb.. ’ °R) 

Because the turbine is reversible adiabatic, its expansion line is isentropic, or 
^2 = Sy. Thus 

Sj' psia 

1.5269 = 0.1326 + jc 2 ( 1.8455) 

From which quality of turbine exhaust X 2 = 0.7555 

hr = {hf T X 2 ^/^)i ps.a = 69.73 T 0.7555 x 1036.1 
= 852.5 Btu/lb^ 

/i 3 = 69.73 Btu/lb^ 

0.016136(2500 - 1) x 144 

\wp\ = - hj = v^{P4 - F 3 ) = 

= 7.46 Btu/lb^ 


778.16 
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ht = 69.73 + 7.46 = 77.19 Btu/lb„ 

H-j. = hy - h2 = 1457.5 - 852.5 = 604.98 Btu/lb„ 
^^nei ~ ~ “ 604.98 — 7.46 = 597.52 Btu/lb„ 

= hy - *4 = 1457.5 - 77.19 = 1380.31 Btu/lb„ 
= hr - h, = 852.5 - 69.73 - 782.77 Btu/lb„ 


^ih 


AWnet 


597.52 

1380.31 


0.4329 = 43.29% 


WR 


AWnel 

Wj 


597.52 

604.98 


0.9877 


Table 2-1 lists the results for cycle A and, using a similar procedure, for cycles 
B and C. Cycle D is a superheat-reheat cycle that will be discussed in Sec. 2-5. 
Cycle £ is a nonideal cycle that will be discussed in Sec. 2-7. 

Note that cycle C is actually less efficient than cycle B, which proves that 
superheat is not beneficial if the upper temperature is limited. 


2-5 REHEAT 

An additional improvement in cycle efficiency with gaseous primary fluids as in fossil- 
fueled and gas-cooled powerplants is achieved by the use of reheat. 

Figures 2-7 and 2-8 show simplified flow and T-5 diagrams of an internally 
reversible Rankine cycle (i.e., one with adiabatic reversible turbine and pump and no 
pressure drops) that superheats and reheats the vapor. 


Table 2-1 Solutions for Examples 2-1, 2-2, and 2-3 


Cycle 


DaU 

A 

Superheat 

2500/1000 

B 

2500 

Saturated 

Superheat 

1000/668.11 

D 

2500/ 

1000/1000 

E 

2500/1000 

Nonideal 

Turbine inlet pressure, psia 

2500 

2500 

1000 

2500 

2500 

Turbine inlet temperature, °F 

1000 

668.11 

668,11 

1000 

1000 

Condenser pressure, psia 

1 

1 

1 

1 

1 

Inlet steam enthalpy, Btu/lb^ 

1457.5 

1093.3 

1303.1 

1457.5 

1457.5 

Exhaust steam enthalpy, Btu/lb„, 

852.52 

688.36 

834.44 

970,5 

913.02 

Turbine work, Btu/lb,„ 

604.98 

404.94 

468.66 

741.8 

544.48 

Pump work, Btuyib„, 

7.46 

7.46 

2.98 

1.46 

11.52 

Net work, Btu/lb„, 

597.52 

397.48 

465.68 

734.34 

532.96 

Heat added, Btu/lbi„ 

1380.31 

1061.11 

1230.39 

1635.10 

1376.25 

Exhaust steam quality 

0.7555 

0.5971 

0.7381 

0.8694 

0.8139 

Cycle efficiency, % 

43.29 

39.12 

37.85 

44.91 

38.73 
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Figure 2-7 Schematic of a RanJkine cycle with superheat and reheat. 


In the reheat cycle, the vapor at 1 is expanded part of the way in a high-pressure 
section of the turbine to 2, after which it is returned back to the steam generator, 
where it is reheated at constant pressure (ideally) to a temperature near that at 1. The 
reheated steam now expands in the low-pressure section of the turbine to the condenser 
pressure. 

As can be seen reheat allows heat addition twice: from 6 to 1 and from 2 to 3. 
It results in increasing the average temperature at which heat is added and keeps the 
boiler-superheat-reheat portion from 7 to 3 close to the primary fluid line ae, which 
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results in improvement in cycle efficiency. Reheat also results in drier steam at turbine 
exhaust (4 instead of 4'), which is beneficial for real cycles. 

Modem fossil-fueled powerplants employ superheat and at least one stage of 
reheat. Some employ two. More than two stages, however, results in cycle complication 
and increased capital costs that are not justified by improvements in efficiency. Gas- 
cooled nuclear-reactor powerplants often employ one stage of reheat. Water-cooled 
and sodium-cooled nuclear-reactor powerplants often employ one stage of reheat, 
except that the steam to be reheated is not returned to the steam generator. Instead, a 
separate heal exchanger that employs a portion of the original steam at 1 is used to 
reheat the steam at 2. That portion condenses and is sent to a feed water heater (Sec. 
2-6). Examples of this will be presented in Chaps. 10 and 11. 

The analysis of a reheat cycle involves two turbine work terms as well as two 
heat addition terms. Referring to Fig. 2-8 



= (/i, - 

h2) 

4- 

(h, 

- /14) 

|hvI 

= K - 

h. 




'Vl’ncl 

= (ht - 

h.) 

4 

ih:^ 

— /14) — (/if, — /i,) 

(iA 

= (h, - 

h^) 

4 

ih. 

- hj) 


ncl 






— 






Qa 


(2-4) 


The pressure P 2 at which the steam is reheated affects the cycle efficiency. Figure 
2-9 shows the change in cycle efficiency Aij percent as a function of the ratio of reheat 
pressure to initial pressure P 2 /F,, for F, = 2500psia, Ti = 10(X)°F, and 73 = 1000°F. 
PjlPy - 1 -0 is the case where no reheat is used and hence Atj = 0. A reheat pressure 
too close to the initial pressure results in little improvement in cycle efficiency because 
only a small portion of additional heat is added at high temperature. The efficiency 
improves as the reheat pressure P 2 is lowered and reaches a peak at a pressure ratio 
P 2 /F 1 between 20 and 25 percent. Lowering the reheat pressure further causes the 
temperature differences between the primary and the working fluids to increase and 
begin to offset the addition of heal at high temperature, thus causing the efficiency to 
decrease again. Too low a reheat pressure, in the above case at a pressure ratio of 
about 0.025, actually results in a negative Atj, i.e., an efficiency below the case of 
no reheat. The optimum at a pressure ratio of 0.2 to 0.25, calculated for the above 
conditions, actually holds for most modem powerplants. Figure 2-9 also shows the 
value of T 2 and x^. Note that reheat results in drier exhaust steam. Too low a pressure 
ratio may even result in superheated exhaust steam, an unfavorable situation for con¬ 
denser operation. 

A superheat-reheat powerplant is often designated by PJTJT^ in pounds force 
per square inch absolute and degrees Fahrenheit. The above case, for example, is 
2500/1 (X)0/1000, whereas a double-reheat plant may be designated 24(X)/1000/1025/ 
1050. The following example shows a sample of the calculations conducted for Fig. 
2-8, near the optimum pressure ratio. 
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Reheat pressure/imtial pressure, 


Figure 2-9 Effect of reheat-to-initial pressure ratio on efficiency, high-pressure turbine exit temperature, 
and low-pressure turbine exit quality. Data for cycle of Fig. 2-7 with initial steam at 2500 psia and 1000“F, 
and steam reheat to lOOOT (2500/1000/1000). 


Example 2-2 Calculate the efficiency and exhaust steam quality of a 2500 psia/ 
1000°F/1000°F internally reversible steam Rankine cycle (cycle D, Table 2-1). 
The reheat pressure is 500 psia. The condenser pressure is 1 psia. 

Solution Referring to Fig 2-8 t ^ 

/i, = 1457.5 Btu/lb„ L, = 1.5269 = > .s, at 500 psia 

Therefore point 2 is in the superheat region. By interpolation 
= 547. 8 °F h. = 1265.6 Btu/lb„ 

At 500 psia and 1000°F 

/!, = 1520.3 Btu/lb„ = 1.7371 = .14 

Therefore Jt 4 = 0.8694 /14 = 970.5 Btu/lb„ 

As in Example 2-1, liv^l = 7.46 Btu/lb„ and K = 77.19 Btu/lb„. Using Eqs. 
(2-4) gives 

wj = 191.5 + 549.8 = 741.7 Btu/lb„, 

= 741.7 - 7.46 = 734.24 Btu/lb„ 

= 1380.3 + 254.7 = 1635.0 atu/lb„^ 
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This cycle is compared with the previous cycles in Table 2-1. It shows the 
highest efficiency and driest exhaust steam of all in that table. 


2-6 REGENERATION 

We have so far discussed means of reducing the external irreversibility caused by the 
heat transfer between the primary fluid and the working fluid beyond the point of 
boiling of the latter (point B, Figs. 2-3 and 2-4b). An examination of these figures 
shows that a great deal of such irreversibility occurs prior to the point of boiling, i.e., 
in the economizer section of the steam generator where the temperature differences 
between bd and 4-B are the greatest of all dunng the entire process of heat addition. 
The slope of the primary-fluid temperature line is of less concern here than in the 
boiler section because it has a relatively minor effect on the temperature differences 
in the economizer. Hence, all types of powerplants, fossil-fuel, liquid-metal, gas- or 
water-cooled nuclear-reactor powerplants, suffer nearly equally from this irreversibil¬ 
ity. 

This irreversibility can be eliminated if the liquid is added to the steam generator 
at B rather than at 4. This can be done by the process of regeneration, in which 
internal heat is exchanged between the expanding fluid in the turbine and the com¬ 
pressed fluid betorc heat addition. A well-known gas cycle that uses regeneration is 
the Stirling cycle, shown on the T-5 diagram of Fig. 2-10. The ideal Stirling cycle is 
composed of heat addition at constant temperature 2-3 and heat rejection at constant 
temperature 4-1. Regeneration or heat exchange occurs reversibly between the constant 
volume processes 3-4 and 1-2, i.e., between portions of each curve that are at the 
same temperature. This heat exchange does not figure in the cycle efficiency because 
it is not obtained from an external source. The areas under 3-4 and 1-2 denoting heat 
l^t by t he expanded fluid an d gained by the compresse d fluid a re equal inTnagnitudc, 
thougIPnot in sign. The ideal Stirling cycle has the same efficiency as the Carnot cycle 
Operating between the same temperature limits. This would not have been the case 
had heat been added from an external source during 1-2 and 2-3 and rejected to an 
external sink between 3-4 and 4-1. 
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Adopting the same procedure to a Rankine cycle, i.e., internal and reversible heat 
exchange from the expanding working fluid in the turbine and the fluid in the econ¬ 
omizer section, would necessitate flow and T-s diagrams as shown in Fig. 2-11 for a 
saturated Rankine cycle. The compressed liquid at 4 would have to be carefully passed 
around the turbine to receive heat from the expanding vapor in the turbine reversibly 
at all times (i.e., with zero temperature difference) until it enters the steam generator 
at B. The steam generator would have no economizer and the irreversibility during 
heat addition to the economizer would be eliminated. The resulting Rankine cycle 
would receive and reject heat at constant temperature and, in the absence of other 
external irreversibilities, would also have the same efficiency as the Carnot cycle 
operating between the same temperature limits. Hence the great need for eliminating 
or minimizing the economizer irreversibility. 

The ideal procedure of Fig. 2-11 is not practically possible. The vapor making 
its way through blade passages cannot be made to have adequate heat-transfer surface 
between it and the compressed liquid, which by necessity would have to be wrapped 
around the external turbine casing. Even if an adequate surface were possible, the 
mass-flow rates are so large that the effectiveness of such a heat exchanger would be 
low. Further, the vapor leaving the turbine would have an unacceptably high moisture 
content (low quality) for proper turbine operation and efficiency. 

Feedwater Heating 

A compromise that would reduce rather than eliminate the economizer irreversibility 
is accomplished by the use of feedwater heating (the more general term feed liquid 
heating that would apply to fluids other than H 2 O is seldom used). Feedwater heating 
involves normal adiabatic (and ideally also reversible) expansion in the turbine. The 
compressed liquid at 4 is heated in a number of finite steps, rather than continuously, 
by vapor bled from the turbine at selected stages. Heating of the liquid takes place in 
heat exchangers cdMed feedwater heaters. Feedwater heating dates back to the early 
1920s, around the same time that steam temperatures reached about 725°F. Modem 



Figure 2-11 Ideal regeneration of a Rankine cycle. 
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large steam powerplants use between five and eight feedwater heating stages. None 
is built without feedwater heating. 

Because of the finite number of feedwater heating stages, the liquid enters the 
steam generator at a point below B, necessitating an economizer section, though one 
that is much smaller than if no feedwater heating were used. Because of this, and 
because the feedwater heaters have irreversibilities of their own, the ideal situation of 
Fig. 2-11 is not attained and the Rankine cycle cannot attain a Carnot efficiency. A 
well-designed Rankine cycle, however, is the closest practical cycle to Carnot, and 
hence its wide acceptance for most powerplants. 

There are three types of feedwater heaters in use. These are; 

1. Open or direct-contact type 

2. Closed tyjx with drains cascaded backward 

3. Closed type with drains pumped forward 

These types will be discussed and analyzed in detail in this chapter beginning with 
Sec. 2-8. Their physical design will be described in Chap. 6. 


2-7 THE INTERNALLY IRREVERSIBLE RANKINE CYCLE 

Internal irreversibility is primarily the result of fluid friction, throttling, and mixing. 
The most important of these are the irreversibilities in turbines and pumps and pressure 
losses in heat exchangers, pipes, bends, valves, etc. 

In the turbine and pumps, the assumption of adiabatic flow is still valid because 
the flow rates are so large that the heat losses per unit mass is negligible. However, 
they are no longer adiabatic reversible, and the entropy, in both, increases. This is 
shown in Fig. 2-12 



Figure 2-12 AT-s diagram of an 
internally irreversible superheat 
Rankine cycle. 
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The entropy increase in the turbine, unlike that in a gas turbine (Fig. 1-8), does 
not result in a temperature increase if exhaust is to the two-phase region, the usual 
case. Instead it results in an increase in enthalpy. Thus the ideal expansion, if the 
turbine were adiabatic reversible, is 1-2,, but the actual expansion is 1-2. The irre¬ 
versible losses in the turbine are represented by a turbine efficiency t^, called the 
turbine polytropic efficiency (and sometimes the adiabatic or isentropic efficiency). 
This is not to be confused with the cycle thermal efficiency. t\j is given by the ratio 
of the turbine actual work to the ideal, adiabatic reversible work. Hence 



Well-designed turbines have high polytropic efficiencies, around 90 percent, rfj usually 
increases with turbine size and suffers from moisture in the steam. t\j as given above 
is an overall polytropic efficiency. However, individual turbine stages have different 
efficiencies, being higher for early stages where the steam is drier. There will be more 
on turbines in Chap. 5. 

No pressure losses are encountered in the condenser process 2-3 (Fig. 2-12) because 
It is a two-phase condensation process. 

The pump process, being adiabatic and irreversible, also results in an increase in 
entropy. A single-phase (liquid) process, it results in an increase in temperature and 
enthalpy. Thus the actual work is greater than the adiabatic reversible work 

/ 14 , - hy. In other words, one pays a penalty for irreversibility: the turbine produces 
less work, the pump absorbs more work. The pump irreversibility is also represented 
by a pump efficiency 77 ^,, also called a pump polytropic efficiency (and sometimes 
adiabatic or isentropic efficiency). Pp is given by the ratio of the ideal work to the 
actual work, the reverse of that for the turbine. Thus 



In both Eqs. (2-5) and (2-6), the smaller quantity is in the numerator. The actual pump 
work may now be obtained by modifying Eq. (2-6) to 


/ 14 , - hy vy{PA - P^) 


The liquid leaving the pump must be at a higher pressure than at the turbine inlet 
because of the friction drops in heat exchangers, feedwater heaters, pipes, bends, 
valves, etc. Thus P 4 represents the exit pump pressure, P 1 represents the turbine inlet 
pressure, and P 5 represents the steam-generator exit pressure. The steam leaves the 
generator at 5 and enters the turbine at 1. The path 5-1 is the result of the combined 
effects of friction and heat losses. Point 5^ at pressure P\ represents frictional effects 
in the pipe connecting steam generator and turbine, including turbine throttle valve, 
if any. Heat losses from that pipe cause a decrease in entropy to 1. Pressure losses 
between 4 and 1 could be of the order of a few hundred pKiunds force per square inch. 
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Example 2-3 A superheat steam Rankine cycle has turbine inlet conditions of 
2500 psia and 1000°F. The turbine and pump polytropic efficiencies are 0.9 and 
0.7, respectively. Pressure losses between pump and turbine inlet are 200 psi. 
Calculate the turbine exhaust steam quality and cycle efficiency. 

Solution Referring to Fig. 2-12 

1457.5 his = 852.52 Btu/lb„ (as in Example 2-1) 
niihi - his) = 0.9 X 604.98 = 544.48 Btu/lb,„ 

h, = h,-wr= 913.02 Btu/lb^ 

913.02 = 69.73 + T2(1036.1) 

. . JC 2 = 0.8139 

P 4 = Pi + 200 = 2700 psia 

_ vi(P 4 - P 3 ) _ 0.016136(2700 - 1) x 144 
” 778 X 0.7 

K - \ Vp\ - ^ 

= wt - \ w ,\ = 532.96 Btu/lb„ 

= h[ - h^ = 1376.25 

Therefore tj,h = = 0.3873 = 38.73% 

(/a 

Thus the internal irreversibilities have resulted in reducing the cycle efficiency 
from 43.29 percent (Example 2-1) to 38.73 percent, but in an increase in exhaust 
steam quality from 0.7555 to 0.8139, one beneficial effect of an imperfect turbine. 
This example is listed as cycle E in Table 2-1. 


/t. = 

Wt = 

Therefore 
At 1 psia 

Thus 


2-8 OPEN OR DIRECT-CONTACT FEEDWATER HEATERS 

In the open- or direct-contact-type of feedwater heater the extraction steam is mixed 
directly with the incoming subcooled feedwater to produce saturated water at the 
extraction steam pressure. Figure 2-13fl and b shows a schematic flow diagram, and 
the corresponding T -5 diagram for a Rankine cycle using, for simplicity of illustration, 
two such feedwater heaters, one low-pressure and one high-pressure (normally one 
open-type feedwater heater and between four and seven other heaters are used in 
modem large powerplants). The physical construction of such a feedwater heater is 
covered in Chap. 7. A typical open-type feedwater heater is shown in Fig. 6-15. 

The condensate water leaves the condenser saturated at 5 and is pumped to 6 to 
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(a) 



Figure 2-13 Schematic flow and 
T-s diagrams of a nonideal su¬ 
perheat Rankine cycle with two 
open-type feedwater heaters. 


a pressure equal to that of the extraction steam at 3. The now-subcooled water at 6 
and wet steam at 3 mix in the low-pressure feedwater heater to produce saturated water 
at 7. Thus the amount of bled steam is essentially equal to that that would saturate 
the subcooled water at 6. If it were much less, it will result in a much lower temperature 
than that corresponding to 6, which would partially negate the advantages of feedwater 
heating. If it were more, it would result in unnecessary loss of turbine work and in a 
two-phase mixture that would be difficult to pump. 

Line 6-7 in Fig. 2-13/? is a constant-pressure line. (In practice some pressure drop 
is encountered.) The difference between it and the saturated liquid line 5~B is exag¬ 
gerated for illustration purposes. 

The pressure at 6-7 can be no higher than the extraction steam pressure at 3 (or 
else reverse flow of condensate water would enter the turbine at 3). A second pump 
must therefore be used to pressunze the saturated water from 7 to a subcooled condition 
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at 8 , which is at the pressure of extraction steam at 2 . In the high-pressure feedwater 
heater, superheated steam at 2 mixes with subcooled water at 8 to produce saturated 
water at 9. This now must be pressurized to 10 in order to enter the steam generator 
at its pressure. 

Because the extracted steam, at 2 or 3, loses a large amount of energy, roughly 
equal to its latent heat of vaporization, while water, at 6 or 8 , gains sensible heat, the 
amount of extracted steam or is only a small fraction of the steam passing 
through the turbine. Note, however, that the mass-flow rate through the turbine is a 
variable quantity, highest between 1 and 2 and lowest between 3 and 4. 

It can also be seen that besides the condensate pump 5-6, one additional pump 
per open feedwater heater is required. 

Open-type feedwater heaters also double as deaerators because the breakup of 
water in the mixing process helps increase the surface area and liberates noncondensible 
gases (such as air, O 2 , H 2 , CO 2 ) that can be vented to the atmosphere (Sec. 6-7). 
Hence they are sometimes called deaerating heaters, or DA. 

In order to analyze the system shown in Fig. 2-13, both a mass balance and an 
energy balance must be considered. The mass balance, based on a unit-flow rate (1 
Ibjh or kg/s) at throttle (point 1 ) is given, clockwise, by 


Mass flow between 1 and 2 
Mass flow between 2 and 9 
Mass flow between 2 and 3 
Mass flow between 3 and 7 
Mass flow between 4 and 7 
Mass flow between 7 and 9 
Mass flow between 9 and 1 


1 

m2 

1 - m 2 


mi 

1 - m 2 - rhu 
1 - m 2 
1 


( 2 - 8 ) 


/ 


where m 2 ^ind m 3 are small fractions of 1 . Energy balances are now done on the high- 
and low-pressure feedwater heaters, respectively 


^2(^2 - M = (1 - m2)(^9 - /th) (2-9) 

- * 7 ) = (1 - m 2 - miXh, - hj) ( 2 - 10 ) 

where h is the enthalpy per unit mass at the point of interest. Equations (2-9) and 
( 2 - 10 ) show that there are two equations and only two unknowns, rwj and m,, if 
the pressures at which steam is bled from the turbine (Sec. 2-13), and therefore the 
enthalpies, are all known. For any number of feedwater heaters there will be as 
many equations as there are unknowns, so solutions are always possible. A large num¬ 
ber of feedwater heaters would, of course, require the solution of an equal number 
of simultaneous linear algebraic equations on a digital computer. The pertinent 
cycle parameters are now obtained, as energy per unit mass-flow rate at turbine inlet 
(point 1 ) 



THE RANKINE CYCLE 49 


Heat added qA = {h\ - /iio) 

Turbine work = (^i - ^ 2 ) + (1 “ ^ 2 ) (h 2 - hi) 
4- (1 - m 2 - - / 14 ) 


Pump work \lwp\ = (1 - m 2 - mi){hf, - /j,) -}- (1 - m 2 )(hg - hy) 

. /I I \ ^ ,1 • • X 6 “ ^^5) 

+ (A7,o - /29) ~ (1 - m 2 - m 3 ) -;- 

VpJ 


+ (1 


m 2 ) 


VtCPs - /^7) 
VpJ 




10 P 9) 

VpJ 


Heat rejected = (1 - rhy - m^Hh^ - h^) 
Net cycle work Awn^ = hy - |u’p| 


( 2 - 11 ) 


Cycle thermal efficiency = —— 

Work ratio WR = 

VVj- 

where 77 ^ is the pump efficiency and J = 778.16 ft lb/Btu. 


Example 2-4 An ideal Rankine cycle operates between 2500 psia and 1000°F at 
throttle and 1 psia in the condenser. One open-type feedwater heater is placed at 
200 psia. Assuming 1 Ib^/h flow at turbine throttle and no flow pressure drops, 
calculate the mass-flow rate in the heater and the pertinent parameters for the cycle 
and compare them with those of the cycle in Example 2-1, which has the same 
conditions except that no feedwater heater was used. 


Solution Referring to Fig. 2-14 and the steam tables 

h, = 1457.5 Btu/lb^ 5, = 1.5269 Btu/(lb^ • °F) 

At 200 psia 

52 = 5, - 1.5269 = 0.5438 + X 2 ( 1.0016) 

Therefore 

A 2 = 0.9815 /12 = 355.5 + 0.9815 (842.8) = 1182.7 Btu/lb,„ 

At 1 psia 

53 = 5 , = 1.5269 = 0.1326 T .r 3 ( 1.8455) 

Thus 

A 3 - 0.7555 /13 = 69.73 + 0.7555(1036.1) = 852.2 Btu/lb^ 

= 69.73 Btu/lb„ V 4 = 0.016136 ft’/lb„ 
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Figure 2-14 T-s diagram for Ex¬ 
ample 2-4 


h, 69.73 + 


0.016]36 X (2(X) - 1) X 144 
778.16 


= 69.73 + 0.59 


= 70.32 Btu/lb„, 

hf, = 355.5 Btu/lb,, v>, = 0.01839 ftVlb^ 


hi 


= 355.5 + 0.01839 + 


(2500 - 200) X 144 
778.16 


355.5 + 7.83 


= 363.3 Btu/lb^ 

nuihj - /i6) = (1 - ^2)(^6 “ ^.0 
m:(ll82.7 - 355.5) = (1 - m2)(355.5 - 70.32) 


m. = 0.2564 


H’/ = (/l, - )72) + (1 - ni2)ih2 - hji) 

= (1457.5 - 1182.7) + (1 - 0.2564)(1182.7 - 852.5) 
- 274.77 + 245.57 = 520.34 Btu/lb^ 

\lw^\ = (1 - w.K/is - Ha) + ihj - hf,) 

- (1 - 0.2564)(0.59 7.83) = 8.27 Btu/lb^ 

Auw, = hy - - 520.34 - 8.27 = 512.07 Btu/lb^ 

= /i, - hj ^ 1457.5 - 363.3 - 1094.2 Btu/lb^ 

= (1 - mjXh, - h,) - (1 - 0.2564)(852.5 - 69.73) 
- 582.1 Btu/Ib^ 
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'Hth 


_ 512.07 
“ 1094.2 


0.468 = 46.8% 


WR 


Aw^t _ 512.07 
~ 520.34 


0.984 


Compare this with cycle A (Table 2-1), which had no feedwater heater. Note 
that the turbine work is decreased for the same mass-flow rate at throttle because 
of reduced turbine mass-flow rate after bleeding and that the pump work is in¬ 
creased. Note also the greater decrease in heat added, which more than makes up 
for the loss of net work, resulting in a marked improvement in cycle efficiency. 
This improvement increases as the number of feedwater heaters is increased. The 
number of feedwater heaters can be as high as seven or eight. An increase beyond 
that causes little increase in efficiency but adds complications and increased capital 
costs and thus diminishes returns. 


As seen above, open feedwater heaters require, in addition to the condensate 
pump, as many additional pumps as there are feedwater heaters. Each of these pumps 
carries nearly full flow, or more accurately full flow minus the bled steam following 
it. For example, pump 7-8 (Fig. 2-13) carries (1 - rhi) lb,„/lb^ at throttle. In pow- 
erplants such large flow pumps are the source of operational, service, and noise 
problems and increase plant complexity and cost. In general only one open-type 
feedwater heater is used, which doubles up as a deaerating heater, followed by a pump 
called the boiler feed pump, (In some nuclear powerplants no open feedwater heaters 
are used and degassing is done elsewhere.) Other feedwater heaters in the system are 
therefore of the closed type. 


2-9 CLOSED-TYPE FEEDWATER HEATERS WITH DRAINS 
CASCADED BACKWARD 

This type of feedwater heater, though it results in a greater loss of availability than 
the open type, is the simplest^aP^^ mest cornmanly used-Type-in powerplants .As in 
the case of the closed-type feedwater heater with drains pumped forward (Sec. 2-10), 
it too is a shell-and-tube heat exchanger but differs because of the lack of any moving 
equipment. 

In a closed-type feedwater heater (of either type), feedwater passes through the 
tubes, and the bled steam, on the shell side, transfers its energy to it and condenses. 
Thus they are, in essence, small condensers that operate at pressures more elevated 
than those of the main plant condenser. Because the feedwater goes through the tubes 
hi successive closed feedwater heaters, it does not mix with bled steam and therefore 
can be pressurized only once by the first condensate pump, which then doubles as a 
boiler feed pump, though often there is one condensate pump and a boiler feed pump 
placed downstream to reduce the pressure rise in each pump. A boiler feed pump is 
automatically required and placed after the deaerating heater if one is used in the plant. 
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Figure 2-15 shows a simplified flow diagram and corresponding T-s diagram of 
a nonideal superheat Rankine cycle showing, for simplicity, two feedwater healers of 
this type. One pump, 5-6, pressurizes the condensate to a pressure sufficient to pass 
through the two feedwater heaters and enter the steam generator at 8. Again the 
difference between the high-pressure line 6 ~B and the saturated-liquid line 5-B is 
exaggerated for illustration purposes. 

As the bled steam condenses in each feedwater heater, it cannot, of course. 



9 



T^n 2-15 Schematic flow and T-s diagrams of a nonideal superheat Rankine cycle with two 
Closed-type feedwater heaters with drains cascaded backward. 
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accumulate there and must be removed and fed back to the system. In this type of 
feedwater heater, the condensate is fed back to the next lower-pressure feedwater 
heater. The condensate of the lowest-pressure feedwater heater is (though not always) 
led back to the main condenser. One can imagine, then, a cascade from higher-pressure 
to lower-pressure heaters; hence, the name of this type of feedwater heater. 

Again starting with the low-pressure feedwater heater, wet steam at 3 is admitted 
and transfers its energy to high-pressure subcooled water at 6. The events in that heater 
can be represented by the temperature-length diagram shown in Fig. 2-16a. The water 
exit temperature at 7 cannot reach the inlet bled steam temperature at 3. A difference 
called the terminal temperature difference (TTD, sometimes simply TD) is defined 
for all closed feedwater heaters as 

TTD = saturation temperature of bled steam - exit water temperature (2-12) 

The value of TTD varies with heater pressure. In the case of low-pressure heaters, 
which receive wet or at most saturated bled steam, the TTD is positive and often of 
the order of 5°F. This difference is obtained by proper heat-transfer design of the 
heater. Too small a value, although good for plant efficiency, would require a larger 
heater than can be justified economically. Too large a value would hurt cycle efficiency. 
In some heaters, the drain at 9 is slightly subcooled. This will be shown later. 

The drain from the low-pressure heater is now led to the condenser and enters it 
as a two-phase mixture at 10. This is a throttling process from the pressure corre¬ 
sponding to 9 to that of the main condenser, and hence there is loss of some availability, 
as alluded to earlier. There is also some loss of availability as a result of heat transfer. 
Process 9-10 is a throttling process and hence is a constant enthalpy one. 

A closed feedwater heater that receives saturated or wet steam can have a drain 
cooler and thus be physically composed of a condensing section and a drain cooler 
section (Fig. 2-166). 

Returning to the system of Fig. 2-15, the high-pressure feedwater heater receives 
superheated steam bled from the turbine at 2 that flows on the shell side at the rate 
fhj and transfers its energy to subcooled liquid entering the tubes at 7. The events 



2-16 Temperature-enthalpy diagrams of (a) and (b) low-pressure and (c) high-pressure feedwater 
heaters of Fig. 2-15. TTD = terminal temperature difference, DS = desuperheater, C = condenser, 
1^ = drain cooler. 
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there are shown by the temperature-path length diagram in Fig. 2-16c\ Note here that 
because the inlet steam is superheated at 2, the exit water temperature at 8 can be 
higher than the saturation temperature of that steam and the TTD, defined by Eq. (2- 
12), can be negative. The TTD values for high-pressure heaters, therefore, range 
between 0 and -5°F, being more negative the higher the pressure, and hence the 
greater the degree of superheat of the entering steam. 

Note also that the drain in this heater is slightly subcooled and hence imparts 
more energy to the water and thus reduces the loss of availability due to its throttling 
to the low-pressure heater. The heater is physically composed of a desuperheating 
section, a condensing section, and a drain cooler section (Fig. 2-16c). 

Thus there are four physical possibilities of closed feedwater heaters composed 
of the following sections or zones (Sec. 6-5): 

1 . Condenser 

2. Condenser, drain cooler 

3. Desuperheater, condenser, drain cooler 

4. Desuperheater, condenser 


The drain at 11 is now throttled to the low-pressure heater entering it at 12 as a 
two-phase mixture where it joins with the steam bled at 3 and thus aids in the heating 
of the water in the low-pressure heater. The combined m 2 + m^ constitutes the low- 
pressure heater drain, which is throttled to the main condenser at 10. The high-pressure 
heater exit water at 8 is led into the steam generator. Again, to analyze the system, 
both a mass and an energy balance are required. A mass balance, also based on a 
unit-flow rate at turbine inlet, point 1, is given, clockwise, by 


Mass flow 
Mass flow 
Mass flow 
Mass flow 
Mass flow 
Mass flow 
Mass flow 

The energy balances on 
spectively, by 


between 1 and 2 = 1 

between 2 and 3 =1-^2 

between 3 and 10 = \ - m 2 - 

between 10 and 1=1 (2-13) 

between 2 and 12 = m 2 

between 3 and 12 = 

between 12 and 10 = ^2 + ^ 

the high- and low-pressure heaters are now given, re- 


^ 2(^2 - * 11 ) = ha - /12 (2-14) 

- hg) F m2(hi2 - hg) = h-, - hf, (2-15) 

Recalling that a throttling process is a constant enthalpy process so that 


hn — h\\ 


and /i,o = hg 
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and knowing the pressures at which steam is bled from the turbine (Sec. 2-13) so that 
the enthalpies in Eqs. (2-14) and (2-15) are all known, we again have two equations 
and two unknowns, m 2 and m^. Or, in general, we will have as many equations as 
there are unknowns making a solution possible. The pertinent cycle parameters are 
now obtained, again as energy per unit mass flow rate at turbine inlet (point 1 ) 

Heat added Qa = ~ * 

Turbine work Wy- = (/ij - / 12 ) + d - m 2 ){h 2 - / 13 ) 

-f (1 - m 2 - m^Mh^, - h^) 


Pump work jw^j = hf, - hs 


V5(n - P5) 
VpJ 


Heat rejected = (1 - m2 - m3)(/i4 - h^) + (m2 + m^Kh^o - h^) 
Net cycle work Awnci = Wf - |w^| 


Cycle thermal efficiency 


Work ratio WR = 


AWnei 


AWnc 


(2-16) 


Example 2-5 An ideal Rankine cycle operates with 1000 psia, 1000°F steam. It 
has one closed feedwater heater with drain cascaded backward placed at 100 psia. 
The condenser pressure is 1 psia. Use TTD = 5°F. The heater has a drain cooler 
resulting in DC (drain cooler temperature difference) = 10°F. 


Solution Referring to Fig. 2-17, the enthalpies, all in Btu/lb^, found by the 
usual procedure are 


/i, = 1505.4 h. = 1228.6 h, = 923.31 h, = 69.73 /17 = 298.5 

h, = /24 + V 4 (P, - P 4 ) = 69.73 + 2.98 = 72.71 corresponding to 104.72°F 
For TTD = 5°F 

f, = - 5 = 327.82 ~ 5 = 322.82°F 

Therefore 

hf, = 293.36 (by interpolation) 

For DC = 10°F 

rg = 10 = 104.72 + 10 = 114.72°F 

Thus /ig = 82.69 (by interpolation) 


miihz - hs) = - hi 

393.36 - 72.71 


m 2 


1228.6 - 82.69 


0.1926 
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w?- = (h] — / 12 ) + (1 “ fn2)(h2 — hi) 

(1505.4 - 1228.6) + (1 - 0.1926)(1228.6 - 923.31) 
= 276.8 + 246.49 = 523.29 
|k'pI = - ^ 4 ) = 2.98 

A»v«, = 520.31 

= h, - ht,= 1505.4 - 293.36 = 1212.04 
= (1 - m2)(/j3 - A 4 ) + miifh - ht) 

= 689.18 + 2.50 = 691.68 


*ncyclc 


52Q.31 

1212.04 


= 0.4293 = 42.93% 


WR 



520.31 

523.29 


0.9943 


Table 2-2 contains other solutions for ideal Rankine cycles with 1000 psia steam. 
The cycle in Example 2-5 is cycle D in that table. Again note the reduction in work 
but the improvement in 77 th over the cycle with no feedwater heating. As stated for 
the open feedwater heaters, this improvement increases with the number of feedwater 
heaters until increases in complexity and capital cost make the addition of further 
heaters, beyond about seven or eight, unprofitable. 



Figure 2-17 T-s diagram of Ex¬ 
ample 2-5. 
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Table 2-2 Results of example calculations for ideal Rankine cycles'* 


Cycle 

Particulars 


<iA 



WR 

A 

No superheat; no fwht 

413.72 

1120.19 

36.93 

706.49 

0.9928 

B 

Superheat; no fwh 

579.11 

1432.69 

40,42 

853.58 

0.9949 

C 

Superheat; one open fwh 

519.3 

1203.95 

43.13 

685.25 

0.9939 

D 

Superheat; one closed fwh; drains 
cascaded; DC 

520.31 

1212.04 

42.93 

691.68 

0.9943 

E 

Superheat; one closed fwh; drains 
pumped; DC 

529.85 

1245.63 

42.54 

715.73 

0.9945 

F 

Superheat; one closed fwh; drains 
pumped; no E>C 

520.59 

1210.48 

43.01 

689.95 

0.9943 

G 

Superheat; reheat, one open fwh 

641.59 

1447.44 

44.33 

805.83 

0.9951 

H 

Superheat; reheat; two closed fwh; 
drains cascaded 

609.83 

1351.0 

45.14 

727,62 

0-9952 

/ 

Supercritical; double reheat; no 
fwh; 3500/1000/1025/1050 

861.95 

1831.92 

47.05 

969.97 

0.9880 


* All values in Btu/lb;„; all examples, except for cycle A which is saturated, and cycle I, at 1000 psia/ 
lOOO^F. All at 1 psia condenser pressure. 

+ fwh = feedwater heater 


Although this type of feedwater heater is the most common, it causes some loss 
of availability because of throttling and, to a lesser extent, heat transfer. 


2-10 CLOSED-TYPE FEEDWATER HEATERS WITH DRAINS 
PUMPED FORWARD 

This second closed-type feedwater heater avoids throttling but at the expense of some 
added complexity because of the inclusion of a small pump. It also allows some 
flexibility to the plant cycle designer who prefers a mix of feedwater heater types that 
would be deemed most suitable. 

As with the previous closed-type feedwater heater, it is a shell-and-tube heat 
exchanger in which the feedwater passes through the tubes and the bled steam, on the 
shell side, transfers its energy to it and condenses. They do not mix and the feedwater 
may be pressurized only once, although a deaerating heater followed by boiler feed 
pump are usually inserted into the system. 

The drain from this type of heater, instead of being cascaded backward, is pumped 
forward into the main feedwater line. Figure 2-18 shows a simplified flow diagram 
and corresponding T -5 diagram for a nonideal superheat Rankine cycle showing, for 
simplicity, two heaters of this type. Although this system requires one additional pump 
per heater, it differs from the system using open-type feedwater heaters in that the 
pumps this time are small and, rather than nearly full feedwater flow, carry only 
fractional flows corresponding to the bled steam m 2 and m 3 . 
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(a) 



Figure 2-18 Schematic flow and T-s diagrams of nonideaJ superheat Rankine cycle with two 
closed-type feedwater heaters with drains pumped forward. 


Starting with the low-pressure heater* the drain at 13 is pumped forward to the 
main feedwater line, enters it at 14, and mixes with the exit water from that heater at 
7, resulting in a mixture at 8 . Point 8 is closer to 7 than 14 on the T-s diagram because 
the main feedwater flow at 7 is greater than the drain flow m 3 . 

The water at 8 enters the high-pressure heater and is heated to 9. The drain leaves 
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the heater at 11, is pumped to 12, and mixes with the feedwater at 9, resulting in full 
feedwater flow at 10 which now goes to the steam generator. 

A mass balance, based on a unit mass-flow rate at turbine inlet, point 1, is given, 
clockwise, on the T-s diagram by 


Mass flow between 1 and 2 
Mass flow between 2 and 12 
Mass flow between 2 and 3 
Mass flow between 3 and 14 
Mass flow between 3 and 7 
Mass flow at 14 
Mass flow between 8 and 9 
Mass flow at 12 
Mass flow between 10 and 1 


1 


m2 

1 - m2 

m^ 


1 — m2 - /hi 

1 — /hi 


m. 

1 


> (2-17) 


The energy balances on the high- and low-pressure heaters are given, respectively, by 

m2{h2 - /Z|,) = (1 - m2){hg - hn) (2-18) 

and hji(/ii - /i,i) = (1 - m 2 - my){h-, - h^) (2-19) 

The values of /19 and are obtained from the temperatures h and h, which are 
equal to the saturation temperature of the steam in each heater minus its terminal 
temperature difference or 

tg = - TTD hp heater (2-20fl) 

and t 7 = t ,3 - TTD Ip heater (2-206) 

610 , needed for and hg, to be used in Eq. (2-18), are obtained from 612 and 6 , 4 , 
resp)ectively. The latter are given by 

/i ,2 = 6,1 + V,, - (2-21a) 

and = h„ + v„ ~ (2-2\b) 

Vp 

Thus 6,0 = 612 /?, 2 -b (1 - '” 2)69 ( 2 - 22 ^ 3 ) 

and (I _ = mi/zH + (1 - ^2 - 611)67 ( 2 - 226 ) 

The turbine work 


W7- = (61 — 62) + (1 “ 6i2)(62 - 63) -1- (1 - m2 - 6i3)(63 ~ 64) ( 2 - 23 ) 
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Pump work |2wJ = (1 - rhj - mj){h^ - h^) -t- m^(hu 


Heat added qA = hy - h 
Thermal efficiency rjth = 


10 

Qa 


h]^) + ni2(^i2 ^n) 

(2-24) 

(2-25) 

(2-26) 


Example 2-6 Repeat Example 2-5 but for one closed-type feedwater heater with 
drain pumped forward. TTD = 5°F. 


Solution Refer to Fig. 2-19. /r,, hj, h^, hf,, hj are all the same as in 

Example 2-5 


- h-j -¥ Vj 


(P, - P,) X 144 
778,13 


= 298.5 -H 0.017740 


(1000 - 100) X 144 
778.17 


= 298.5 -h 2.95 = 301.45 Btu/lb^ 


/i6 (as betore) = 293.36 Btu/lb^ 
fn 2 (h 2 - /17) = (1 - m2)(/i6 - hs) 
m2(1228,6 - 298.5) - (1 - m2)(293.36 - 72.71) 


m 2 = 0.1917 

^ = ^ 2/18 + (1 - m 2 )/i 6 = 57.79 237.12 = 294.91 Btu/lb^ 
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>vr = {hx - / 12 ) + (1 - m 2 )(/i 2 - / 13 ) = 276.8 -f 246.77 
= 523.57 Btu/lb^ 


Iwp = (1 - ^ 2 X ^5 - ^ 4 ) + '^ 2(^8 ' ^ 7 ) = 2.41 + 0.57 
= 2.98 Btu/lb^ 

Awne, = 520.59 Btu/lb^ 


qA = hx - hxo = 1505.4 - 294.92 = 1210.48 Btu/lb, 
k/fl = (1 - '” 2 X ^3 - M = 689.95 Btii/lb„ 


Vcyclc 


520.59 

1210.48 


0.4301 


43.01% 


WR 


520.59 

523.57 


0.9943 


This example is listed as cycle F in Table 2-2. 


As indicated earlier, the type of closed feedwater heater that has drains pumped 
forward avoids the loss of availability due to throttling inherent in the previous closed 
feedwater heater with drains cascaded backward. This, however, is done at the expense 
of the complexity of adding a drain pump following each heater. Note, however, that 
unlike the open feedwater heater the drain pump is a low-capacity one because its 
flow is only that of the bled steam being condensed in the heater. It must however 
pressurize that condensate to the full feedwater line pressure. 

This type of feedwater heater results in a slightly better cycle efficiency if used 
without a drain cooler because energy transferred from the heater drain in the drain 
cooler lowers the point in the feedwater line at which energy is to be added from the 
primary heat source or from a higher pressure feedwater heater. Compare cycle F in 
Table 2-2 with cycle E, which is identical except that there is a drain cooler with DC 
= 10°F. 

One other advantage of pumped drains is that, when used as the lowesl-pressure 
feedwater heater in an otherwise all-cascaded system, or with all-cascaded feedwater 
heaters between it and an ojjcn feedwater heater, it prevents the throttling of the 
combined cascaded flows to the condenser pressure where the energy left in that 
combined flow is lost to the environment. 


2-11 THE CHOICE OF FEEDWATER HEATERS 

In general the choice of feedwater heater type depends upon many factors, including 
designer optimization and preference, practical considerations, cost, and so on, and 
one sees a \ar\eV^ c'^eVe desv^tvs. TVveie aie, Vvo^evei, ^e^itoes t.Vv ^.1 axe ta.v\\et 
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1 . One of)en-type feedwater heater, which doubles as a deaerator and is thus called 
the DA (deaerating) heater, is used in fossil-fueled powerplants. It is not yet the 
practice to use it in water-cooled-and-moderated nuclear powerplants because of 
the concern regarding radioactivity release with deaeration. This type of heater is 
usually placed near the middle of the feedwater system, where the temperature is 
most conducive to the release of noncondensables. 

2. The closed-type feedwater heater with drains cascaded backward is the most com¬ 
mon type, used both before and after the DA heater. It usually has integral desu¬ 
perheating and drain cooler sections in the high-pressure stages but no superheating 
section in the very low-pressure stages because the bled steam is saturated or wet. 
A separate drain cooler is sometimes used for the lowest-pressure heater. 

3. One closed feedwater heater with drains pumped forward is often used as the lowest- 
pressure feedwater heater to pump all accumulating drains back into the feedwater 
line, as indicated above. Occasionally one encounters one more feedwater of this 
type at a higher-pressure stage. 

Table 2-2 is a compilation of the results of calculations similar to and including 
those in the previous examples. They all have 1(XX) psia, 10(X)°F steam at turbine 
inlet, except for cycle A, which is saturated. Cycles G and H have reheat to 1000°F. 
Cycles A, B. and I have no feedwater heaters. The rest have one feedwater of various 
types except for cycle H, which has two. All cycles are ideal, meaning that they are 
internally reversible with adiabatic reversible turbines and pumps. 

Comparison shows large efficiency increases as a result of superheat, reheat, and 
the use of even one feedwater heater. The differences between different types of 
feedwater heaters are small. It is to be noted, however, that even a fraction of a percent 
difference in efficiency can mean a very large difference in annual fuel costs, especially 
in a fossil powerplant, where the fuel cycle costs are a large portion of the total cost 
of electricity. (Other costs are the fixed charges on the capital cost and the operation 
and maintenance cost, O & M.) Differences in efficiency also mean differences in 
plant size (heat exchangers, etc.) for a given plant output and hence differences in 
capital cost. Although the cycles summarized in Table 2-2 are ideal, the trends they 
exhibit are applicable to nonideal cycles, so one should exp>ect the same relative 
standings in both cases. 

Figure 2-20 shows a flow diagram of an actual 512-MW powerplant with superheat, 
reheat, and seven feedwaters; one DA, five closed with drains cascaded backward, 
and one, the lowest pressure, closed with drains pumped forward. In such diagrams, 
there are standard notations (not all to be found in Fig. 2-20), such as 

Available energy or isentropic enthalpy difference, Btu/lb^n 
Boiler feed pump 

Drain cooler terminal temperature difference (Fig. 2-\6b and c), 
°F 

Exhaust loss, Btu/lb^ 

Expansion line end-point enthalpy, Btu/lb^ 

Enthalpy, Btu/lb„ 


AE 

BFP 

DC 

EL 

ELEP 

h 



64 POWERPLANT TECHNOLCXIY 


P Pressure, psia 

RHTR Reheater 

SGFP Steam generator feed pump 

SJAE Steam-jet air ejector condenser 

SPE Steam packing exhaust condenser 

SSR Steam seal regulator 

TD or TTD Terminal temperature difference (Fig. 2-16), °F 

UEEP Used energy end point, Btu/lb„, 

# Mass-flow rate, Ib^h 


2-12 EFFICIENCY AND HEAT RATE 

In the thermodynamic analysis of cycles and powerplants, the thermal efficiency and 
the power output are of prime importance. The thermal efficiency is the ratio of the 
net work to the heat added to the cycle or powerplant. The thermal efficiencies of 
powerplants are less than those computed for cycles as above because the analyses 
above failed to take into account the various auxiliaries used in a powerplant and the 
various irreversibilities associated with them. A complete analysis of a powerplant 
must take into account all these auxiliaries, the nonidealities in turbines, pumps, 
friction, heat transfer, throttling, etc., as well as the differences between full-load and 
partial-load operation. Such analyses are quite complex and require the use of high- 
capacity computers. 

The gross efficiency is the one calculated based on the gross work or power of 
the turbine-generator. This is the work or power, MW gross, produced before f)ower 
is tapped for the internal functioning of the powerplant, such as that needed to operate 
pumps, compressors, fuel-handling equipment, and other auxiliaries, labs, computers, 
heating systems, lighting, etc. (Fig. 2-21). The net efficiency is calculated based on 

Turbine Gross Net 



Figure 2-21 Schematic ot a powerplant showing turbine, gross and net work. 
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the net work or power of the plant, i.e., the gross power minus the tapped power, 
above, or the power leaving at the station bus bars. 

Powerplant designers and operators are interested in efficiency as a measure of 
the economy of the powerplant because it affects capital, fuel, and operating costs. 
They use in addition another parameter that more readily reflects the fuel economies. 
That parameter is called a heat rate (HR). It is the amount of heat added, usually in 
Btu, to produce a unit amount of work, usually in kilowatt hours (kWh). Heat rate 
thus has the units Btu/kWh. The HR is inversely proportional to the efficiency, and 
hence the lower its value, the better. There are various heat rates corresp)onding to the 
work used in the denominator. For example 


Net cycle HR 


Gross cycle HR 
Net station HR 

Gross station HR 


heat added to cycle, Btu 
net cycle work kWh 

rate of heat added to cycle, Btu/h 
net cycle power, kW 

rate of heat added to cycle, Btu/h 
turbine power output, kW 

rate of heat added to steam generator, Btu/h 
net station power, kW 

rate of heat added to steam generator, Btu/h 
gross turbine-generator power, kW 


and there are as many thermal efficiencies as there are heat rates. Because 1 kWh = 
3412 Btu, the heat rate of any kind is related to the corresponding thermal efficiency 
by 


HR 


3412 

rhh 


(2-27) 


Example 2-7 A coal-fired powerplant has a turbine-generator rated at 1000 MW 
gross. The plant requires about 9 percent of this power for its internal op)erations. 
It uses 9800 tons of coal per day. This coal has a heating value of 11,500 Btu/ 
Ib^, and the steam generator efficiency is 86 percent. Calculate the gross station, 
net station, and the net steam cycle heat rates. 

Solution 

2(X)0 

Rate of coal burned = 9800 x - = 816,667 lb„yh 

24 

^ 816,667 X 11,500 

■ 1000 X 1000 ' 

Station net power output = (1 - 0.9) x 10(X) = 910 MW 
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Net Station HR 


816,667 X 11,500 
910 X 1000 


10,320.5 Btu/kWh 


Heat added to steam generator = 816,667 


Net steam cycle HR 


= 8.07683 
8.07683 X 10^ 

0.91 X 10^ 


X 11,500 X 0.86 
X 10^ Btu/h 

8875.64 Btu/kWh 


The corresponding thermal efficiencies are 


Gross station efficiency 


Net station efficiency 


Net cycle efficiency 


3412 

9391.67 


36.33% 


3412 

10,320.5 


33.06% 


3412 

8875.64 


38.44% 


When the efficiency and heat rate of a powerplant are quoted without specification, 
it is usually the net station efficiency and heat rate that are meant. A convenient 
numerical value to remember for heat rate is 10,000 Btu/kWh. Usually large modem 
and efficient powerplants have values less than 10,000, while older plants, gas-turbine 
plants, and alternative power systems such as solar, geothermal, and others, exceed 
this value. 

Figure 2-22, originally published in 1954 [9], contains a history of steam cycles 
since 1915 and an interesting prediction of things to come, up to 1980. It gives the 
average overall (net) HR range or band as a function of steam conditions, shown above 
the band. The heat rates are in turn dependent upon metallurgical constraints and 
development. The available matenals are shown below the band. A landmark station 
was the 325-MW Eddy stone unit I of the Philadelphia Electric Company, a double¬ 
reheat plant designed for operation with supercritical steam (Sec. 2-14) at 5000 psig/ 
1200°F/1050°F/1050°F (about 345 bar, 650°C/565°C/565°C). Its actual operation was 
at 4700 psig and 1130°F turbine inlet (325 bar, 610°C). Built in 1959, it had the 
highest steam conditions and lowest HR of any plant in the world, and its power output 
was equal to the largest commercially available plant at the time. 

Figure 2-22 is shown to predict conditions far beyond what has been achieved to 
date. The material X needed to raise the pressures and temperatures to the 7500 psig 
and 1400°F level, for example, remains to be developed. The most common steam 
conditions remain at 2400 to 3500 psia (165 to 240 bar) and 1000 to 1050°F (540 to 
565°C). The 1960s and 1970s saw little improvements because there was no motivation 
to lower heat rates with the then-cheap fossil fuels and the advent of nuclear power. 
In fact, recent years have seen a rise in heat rates as a result of environmental restrictions 
on cooling and the increased use of devices to reduce the environmental impact of 
power generation (cooling towers, electrostatic precipitators, desulfurization, etc ). 

Figure 2-22, however, correctly predicts advancements such as single and double 
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Figure 2-22 The evolution of the steam cycle as predicted in 1954 [9], 


reheat cind combined gas-turbine-steam-turbine cycles (Sec. 8-10). An advanced 773- 
MW plant design utilizing double reheat, supercritical steam at 45(X) psig/1100/1050/ 
1050°F (310 bar, 593/565/565°C), 10 feedwater heaters, and other novel features, and 
yielding a heat rate of 8335 Btu/kWh, has recently been proposed [10]. 

2-13 THE PLACEMENT OF FEEDWATER HEATERS 

A natural question arises as to where to place the feedwater heaters (of any kind) in 
the cycle. In other words; What are the pressures at which steam is to be bled from 
the turbine that will result in the maximum increase in efficiency (or maximum reduction 
in heat rate)? It is expected that the answer to this question can be obtained most 
accurately by a complete optimization of the cycle, a job that entails large, complex, 
and usually not readily available computer programs. 

There is, however, a simple ansv^r based on physical re^oning. As indicated 
previousTyrihe foTe of feedwater heaters is to bring the temperature of the feedwMer 
as close as possible to that of the steam generator before the feedwater enters that 
ste am g enerator. If were to assume first^f simpncTty that only one I^dwMer 
heater (the typ«c is not iniportant for this discussion) is to be used, we may consider 
placing it in positions 1, 2, or 3 with respect to the cycTe (Fig. 2-23). In position I 


OltjII thermal efl 
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we see that heat transfers to the feedwater are caused by ^Tb-\ and Ar,_f, where Tb 
and Tc are the boiler and condenser temperatures, respectively. In position 3 the 
corresponding heat transfers are the result of Tb - and - Tc. It is obvious that 
in both these cases one of these A7”s is very large. The one position that would 
minimize both temperature differences is in the middle, position 2, where Tb - T 2 
- Ti - Tc. Thus the optimum, from an efficiency point of view, of the pressure at 
which the one feedwater heater is to be placed is obtained by finding the temperature 
that is half way between Tb and Tc and then obtaining the saturation pressure cor¬ 
responding to that temperature. Note that the temperature at which steam is actually 
bled from the turbine may be in the superheat region at that pressure and thus higher 
than Ti 

If two feedwater heaters are to be used, the optimum placement is at temperatures 
that would divide Tb - Tc into three equal parts. In general, then, for n feedwater 
heaters (Fig. 2-24), the optimum temperature rise per heater would be given by 

n [ 

Example 2-8 The Rankine cycle shown in Fig. 2-24 has an ideal turbine that 
op)erates between 1000 psia and 1(X)0°F, and 1 psia. It has seven feedwater heaters. 
Find the optimum pressure and inlet temperature for the high- and the low-pressure 
feedwater heaters. 


Solution Referring to Fig. 2-24 and the steam tables 

Tb = 544.58°F Tc = 101.74°F 5 , = 1.6530 


Ar^p, 


544.58 - 101.74 


55.36°F 


7 + 1 
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The low-pressure heater 

T-, = Tc ^ ATopt = 101.74 + 55.36 

= 157.lOT, corresponding to P-j = 4.422 psia 

Because Sg at P 7 ~ 1.806 > 5 ], the bled steam to heater 7 is, as expected, in the 
two-phase region, for which 

57 = = 1.6530 = {Sf -I- XjSfg)^ 422 p5.a 

= 0.2266 + xj(\.6271) 

Thus JC 7 = 0.876 

hj = 125.05 + 0.876 x 1003.9 = 1004.5 Btii/lb„ 

The high-pressure heater 

T^t.i = Tb - ATop, = 544.58 - 55.36 

= 489.22°F, corresponding to P, = 617.04 psia 

Because at P, Sg = 1.4433 < Si, the bled steam to heater 1 is superheated. The 
inlet temperature, found by interpolation from the steam tables, is 850.0°F with 
a degree of superheat of 360.8°F, corresponding to an enthalpy of 1435.05 Btu/ 
lb.. 

Heater 1 , the high-pressure heater, receives highly superheated steam and 
thus would be constructed with a desuperheater zone, a condensing zone, and 
most likely, a drain cooler. Its TTD is most likely negative. Heater 7, the low- 
pressure healer, on the other hand, receives wet steam and will have no desu¬ 
perheating zone. It will have a condensing section and may not have an integral 
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drain cooler. If not, its drain may be cascaded to the condenser either directly or 
via a separate drain cooler, or it may be pumped forward into the feedwater line. 

The temperatures, pressures, and inlet conditions of the other five feedwater heaters 
are found in a like manner. They are then used in the appropriate equations for 
determining the mass-flow rates in the particular type of heater, or mix of heaters, 
and the various cycle parameters. If the turbine in Example 2-8 were not ideal, the 
exact turbine expansion line must first be determined in order to find the bled steam 
inlet temperatures and enthalpies. Here the use of the Mollier diagram may be more 
useful than the T-s diagram. 

It is now instructive to show the effect of varying AT between feedwater heaters 
from AT„p, on cycle efficiency. Figure 2-25 shows the effect of varying the total 
feedwater temperature rise (above the condenser temperature) for a saturated internally 
reversible steam cycle operating between KXX) and 1 psia, corresponding to saturation 
temperatures of 544.58°F and 101.74°F, respectively. The curve shows the percent 
decrease in cycle heat rate (corresponding to increase in cycle efficiency) for 1, 2, 3, 
4, and 10 feedwater heaters versus the total temperature rise above the condenser 
temp)erature. 

It can be seen, as expected, that the curve for a single feedwater heater peaks at 
a temperature rise halfway between the above saturation temperatures; i.e., it peaks 
at AT of 0.5(544.58 - 101.74), or about 222°F. For two feedwater heaters, the peak 
occurs at i(544.58 - 101.740), or about 295°F. It can also be seen that the curves 
are relatively flat about the optimum values, which indicates that small departures 
from these optimum values have no serious effect on heat rate. In actual powerplants, 
the feedwater heaters are not positioned necessarily at their optimum positions. Other 
considerations may dictate the exact positions. These considerations include the place¬ 
ment of the deaerating heater for best deaeration and the relative positions of the closed 
heaters before and after it, the existence of a convenient point at which steam is bled 
such as the crossover between turbine sections or at the steam outlet to the reheater, 
the design of the turbine casings, and others. 



Total feedwater temperature rise. °F 


Figure 2-25 Effect of AT between feedwater heat¬ 
ers on cycle heat rate. 




THE RANKINE CYCLE 71 


2-14 THE SUPERCRITICAL-PRESSURE CYCLE 

In Fig. 2-26 the feedwater ispr©85tlnzed at 8 to a pressure beyond the critical pressure 
of the vapor (3208 psia for steam). The feedwater heating curve shows a gradual 
change in temperature and density but not in phase to the steam temperature at 1 . 
Such heating can be made to be closer to the heat source temperature than a subcritical 
cycle with the same steam temperature that shows an abrupt change in temperature 
within the two-phase region. Looking at it another way, the supercritical-pressure cycle 
receives more of its heat at higher temperatures than a subcritical cycle with the same 
turbine inlet steam temperature. 

Because of the gradual change in density, supercritical-pressure cycles use once- 
through steam generators instead of the more common drum-type steam generators 
(Chap. 3). 

A disadvantage of the supercritical-pressure cycle, however, is that expansion 
from point 1 to the condenser pressure would result in very wet vapor in the latter 
stages of the turbine. Hence, supercritical-pressure cycles invariably use reheat and 
often double reheat. A popular base design for a supercritical powerplant used 35(X) 
psia and initial 10(X)°F steam with reheats to 1025°F and 1050°F (3500/1 OCX)/1025/ 
1050). TheJ^her temperatures after reheat were tolerated by the reheater tubes J^cause 
of the mucHlower pressures in them. 



7 


6 


Figure 2-26 1-5 diagram of an ideal 
supercritical, double-reheat 3500/ 
1000/1025/1050 steam cycle. 
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Example 2-9 Calculate the net work, heat added, efficiency, and work ratio of 
an internally reversible supercritical double-reheat 3500/1000/1025/1050 cycle. 
Reheats occur at 800 and 200 psia. Condensing is at 1 psia. 

Solution Referring to Fig. 2-26 and the steam tables with h values in Btu/lb,„ 
and .s values in Btu/(lb,„ ■ °R) 


hx = 1422.2 

5 , = 1.4709 

52 = 1.4709 

hi = 1254.5 

II 

53 = 1.69015 

54 = 1.69015 

/14 = 16336.3 

h, = 1555.4 

55 = 1.8603 

= 1.8603 

Te, = 0.936 


= 1039.7 


h, = 
Aw,e, = 


69.73 
69.73 + 


0.016136(3500 - 1)144 




778.16 

(1422.20 - 254.5) + (1525.3 
+ (1555.4 - 1039.7) - 10.45 
167.7 + 189 + 515.7 - 10.45 
872.4 - 10.45 = 861.95 Btu/lb,, 

{hx - /ik) + (/13 - hi ) f (/15 - /14) 

1342.02 + 270.8 -h 219.3 = 1831.92 Btu/lb, 


= 69.73 + 10.45 = 80.18 
1336.3) 


Therefore 


and 


^th 


861.95 

1831.92 


0.4705 


WR 


861.95 

872.41 


0.9880 


The efficiency, of course, would be further improved by the addition of feedwater 
heaters. This example is listed as cycle / in Table 2-2. 


2-15 Cogeneration 

Cogeneration is the simultaneous generation of electricity and steam (or heat) in a 
single powerplant. It has long been used by industries and municipalities that need 
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process steam (or heat) as well as electricity. Examples are chemical industnes, paper 
mills, and places that use district heating. Cogeneration is not usually used by large 
utilities which tend to produce electricity only. Cogeneration is advisable for industries 
and municipalities if they can produce electricity cheaper, or more conveniently, than 
that brought from a utility. 

From an energy resource point of view, cogeneration is beneficial only if it saves 
primary energy when compared with separate generation of electricity and steam (or 
heat). The cogeneration plant efficiency is given by 


'Hco 


£ + A//, 

Qa 


(2-29) 


where 


E = electric energy generated 
A//, = heat energy, or heat energy in process steam 


= (enthalpy of steam entering the process) 

- (enthalpy of process condensate returning to plant) 

Qa = heat added to plant (in coal, nuclear fuel, etc.) 

For separate generation of electricity and steam, the heat added per unit total 
energy output is 


e (\-e) 

— - 

Ve Vh 


where e = electrical fraction of total energy output = ^ ^ 

= electric plant efficiency 
T)fy = steam (or heat) generator efficiency 

I’he combined efficiency for separate generation is therefore given by 


_ _ 1 _ 

(e/7},) + [(l-e)/7jJ 


(2-30) 


and cogeneration is beneficial if the efficiency of the cogeneration plant Eq. (2-29) 
exceeds that of separate generation, Eq. (2-30). 


Types of Cogeneration 

There are two broad categories of cogeneration; 

1 The topping cycle, in which primary heat at the higher temperature end of the 
Rankine cycle is used to generate high-pressure and -temperature steam and elec¬ 
tricity in the usual manner. Dependng on process requirements, process steam at 
low-pressure and temperature is either {a) extracted from the turbine at an inter¬ 
mediate stage, much as for feedwater heating, or (b) taken at the turbine exhaust, 
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in which case it is called a back pressure turbine. Process steam pressure require¬ 
ments vary widely, between 0.5 and 40 bar. 

2. The bottoming cycle, in which primary heat is used at high temperature directly 
for process requirements. An example is the high-temperature cement kiln. The 
process low-grade (low temperature and availability) waste heat is then used to 
generate electricity, obviously at low efficiency. The bottoming cycle thus has a 
combined efficiency that most certainly lies below that given by Eq. (2-30), and 
therefore is of little thermodynamic or economic interest. 

Only the topping cycle, therefore, can provide true savings in primary energy. 
In addition, most process applications require low grade (temperature, availability) 
steam. Such steam is conveniently produced in a topping cycle. There are several 
arrangements for cogeneration in a topping cycle. Some are. 

{a) Steam-electric poweiplant with a back-pressure turbine. 

(b) Steam-electric powerplant with steam extraction from a condensing turbine 
(Fig. 2-27). 

(c) Gas-turbine powerplant with a heat-recovery boiler (using the gas turbine ex¬ 
haust to generate steam). 

{d) Combined steam-gas-turbine cycle powerplant (Secs. 8-8 and 8-9). The steam 
turbine is either of the back-pressure type (a) or of the extraction-condensing 
type (b), above. 

The most suitable electric-to-heat generation ratios vary from type to type. The 
back-pressure steam turbine plant {a) is most suitable only when the electric demand 
is low compared with the heat demand. The combined-cycle plant (d) is most suitable 
only when the electric demand is high, about comparable to the heat demand or higher, 
though its range is wider with an extraction-condensing steam turbine than with a 
back-pressure turbine. The gas-turbine cycle (c) lies in between. Only the extraction- 
condensing plant {b) is suitable over a wide range of ratios. 



Figure 2-27 Schematic of basic cogeneration plant with extraction-condensing turbine. 
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Economics of Cogeneration 

A privately or municipally owned cogeneration plant is advisable from an economic 
point of view if the cost of electricity generated by it is less than if purchased from a 
utility. (If a utility is not available, cogeneration becomes necessary, irrespective of 
economics.) In general, very low fractions of electric to total energy are not considered 
economical for cogeneration. 

Since the main incentive of cogeneration is process steam (or heat), the economics 
of cogeneration are sharply influenced by the additional cost of generating electricity. 

Powerplant costs are of two kinds: capital costs and production costs. Capital 
costs are given in total dollars or as unit capital costs in dollars per kilowatt net. 
Production costs are calculated annually, or more frequently if desired, and given in 
mills per kilowatt hour. A mill is one one-thousandth of a United States dollar. Capital 
costs determine whether a given utility or industry is sound enough to obtain financing 
and thus able to pay the fixed charges against these costs. Production costs are the 
true measure of the cost of power generated. They are composed of: 

a. The fixed charges against the capital costs 

b. The fuel costs 

c. Operation and maintenance costs 


all in mills per kilowatt hour. They are therefore given by: 

total (a-\‘b-\-c) $ spent per period x 10^ 

Production costs = — - - ——^: 

KWh (net) generated dunng same penod 


(2-31) 


where the period is usually teiken as one year. 

For a congeneration plant, it is important to calculate the production costs of 
electricity as an excess over the generating cost of steam alone, and to compare it 
with the cost of electricity when purchased from a utility. It is now necessary to 
introduce the plant operating factor POF, defined for all plants as 


total net energy generated by plant during a period of time 

POF — - (2-32) 

rated net energy capacity of plant during same period 

where the period is again usually taken as one year. For estimation purposes, it is 
common to take POF = 0.80. A plant operating with POF = 0.8 is the same as if 
it operated only at rated capacity for 80 percent of the time or for 0.8(365 x 24) = 
7008 h/yr, which is usually rounded out to 7(XX) h/yr. 

The excess cost of electricity for a cogeneration plant may now be obtained from 


Electric cost = [(C„-C,)r + (OM„,-OM*) 


-f 




10 ^ 

7000 P 


mills/kWh 


(2-33) 


where 


C = capital costs, $ 

r = annual fixed charges against the capital cost, fraction of C 
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OM = annuaJ operation and maintenance costs, $/yr 
F = annual fuel costs, $/yr 
P = electric plant net power rating, kW 

and the subscripts co and h indicate cogeneration and process heat plants, respectively. 

Cogeneration plants, built mostly by industries or municipalities, are smaller than 
utility electric-generating plants and therefore tend to have higher unit capital and 
operating costs. They have not usually been considered for operation with coal or 
nuclear energy as a pnmary heat source, though this picture is slowly changing. 


PROBLEMS 


2-1 A simple ideal saturated Rankine cycle turbine receives 125 kg/s of steam at 300“C and condenses at 
40“C. Calculate (o) the net cycle power, in megawatts, and (b) the cycle efficiency. 

2-2 A simple nonideal saturated Rankine cycle turbine receives 125 kg/s of steam at 3(X)°C and condenses 
at 40°C (same conditions as Prob. 2-1). This cycle has turbine and pump polytropic efficiencies of 0.88 
and 0.75, respectively, and a total pressure drop in the feedwater line and steam generator of 10 bar. 
Calculate (a) the net cycle power, in megawatts, and (b) the cycle efficiency. 

2-3 Analyze the ideal Rankine cycle C in Table 2-2 if the feedwater heater is placed at 100 psia. 

2-4 Compare the inlet steam mass and volume flow rates in pound mass per second and cubic feet per 
second of (a) a fossil-fuel powerplant turbine having a polytropic efficiency of 0.90 and receiving steam 
at 2400 psia and 10(X)°F and {b) a nuclear powerplant turbine having a polytropic efficiency of 0.88 and 
receiving saturated steam at KXX) psia. Each turbine produces 1000 megawatts, and exhausts to 1 psia. 

2-5 To reduce the volume flow rate and hence turbine physical size, powerplants that operate with low 
initial temperature water as a heat source, such as some types of geothermal (Chap. 12) and ocean temperature 
energy conversion, OTEC (Chap. 15), powerplants, use working fluids other than steam, such as Freon- 
12, ammonia, and propane. Compare the mass flow rates, pound mass per hour, volume flow rates, cubic 
feet per second, and boiler and condenser pressures of (a) Freon-12, (h) propane, and (c) steam, if all 
cycles operate with adiabatic reversible turbines that receive saturated vapor at 2(X)°F and condense at 70'"F. 
and each produces 100 kW. 

2-6 In Prob. 2-5, why do the cycles operate with saturated vapor? 

2-7 Consider three nonideal saturated Rankine cycles operating between 200 and 70°F using Freon-12, 
propane, and steam as working fluids. Each has turbine and pump polytropic efficiencies of 85 and 65 
percent, respectively, and produces net work of 100 kW. Calculate (a) the mass flow rate in pound mass 
per hour, (b) the volume flow rate in cubic feet per second, (c) the heat added, in Btus per hour, and (d) 
the cycle efficiency 

2-8 Consider an ideal saturated steam Rankine cycle with perfect regeneration (Fig 2-11) operating between 
1000 and 1.0 psia. Neglecting pump work, calculate (a) the quality of the turbine exhaust steam, (b) the 
turbine work in Btus per pound mass, (r) the heal added in Btus per pound mass, and (d) the cycle efficiency 
Compare that efficiency to that of a similar cycle but without regeneration, and a Carnot cycle, all operating 
between the same temperature limits. 

2-9 Compare the net works, in Btus per pound mass, and efficiencies of two ideal saturated Rankine cycles 
using Freon-12 as a working fluid and operating between 200 and 72T One cycle has no feed healers and 
the other has one open-type feed heater placed optimally. Why is feed healing not usually resorted to in 
such cycles? 

MO A Rankine cycle with inlet steam at 90 bar and 500T and condensation at 40“C produces 500 MW. 
It has one stage of reheat, optimally placed, back to 500°C One feedwater of the closed type with drains 
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cascaded back to the condenser receives bled steam at the reheat pressure. The high- and low-pressure 
turbine sections have polytropic efficiencies of 92 and 90 percent, respectively. The pump has a polytropic 
efficiency of 0.75. Calculate (a) the mass flow rate of steam at turbine inlet in kilograms per second, (b) 
the cycle efficiency, and (c) the cycle work ratio. Use TDD = - 1.6°C. 

2-11 An ideal Rankine cycle operates with turbine inlet steam at 90 bar and 500°C, and a condenser 
temperature of 40'’C. Calculate the efficiency and work ratio of this cycle for the following cases; (a) no 
feedwater heating, (b) one open-type feedwater heater, (c) one closed-type feedwater heater with drains 
cascaded back to the condenser, and (cf) one closed feedwater heater with drains pumped forward. In each 
case the feedwater heater is optimally placed. Use TDD = 2.5°C. 

2-12 A superheated nonideal steam cycle operates with inlet steam at 2400 psia and J000°F and condenses 
at 1 psia. It has five feedwater heaters, all optimally placed. Assume the ptilytropic efficiencies of the 
turbine sections before, between, and after the bleed points to be all the same and equal to 0.90. Calculate 
(a) the specific enthalpies of the extraction steam to each feedwater heater, in Btus per pound mass and (h) 
the turbine overall polytropic efficiency; and (c) estimate the terminal temperature difference for each 
feedwater heater. 

2-13 An 850-MW Rankine cycle operates with turbine inlet steam at 1200 psia and 1000°F and condenser 
pressure at I psia. There are three feedwater heaters placed optimally as follows; (a) the high-pressure 
heater is of the closed type with drains cascaded backward; (b) the intermediate-pressure heater is of the 
open type; (r) the low-pressure heater is of the closed type with drains pumped forward. Each of the turbine 
sections have the same polytropic efficiency of 90 percent. The pumps have polyiropic efficiencies of 80 
percent. Calculate (a) the mass flow rate at the turbine inlet in pound mass per hour, (b) the mass flow rate 
to the condenser, (c) the mass flow rate of the condenser cooling water, in pound mass per hour, if it 
undergoes a 25"F temperature rise, (</) the cycle efficiency, and (e) the cycle heat rate, in Btus per kilowatt 
hour. 

2-14 If the Rankine cycle is to be used in outer space, heat rejection can be done only by thermal radiation 
to space which has an effective temperature of 0 absolute. To reduce the size and mass and hence lifting 
weight of the condenser, condensation has to be at temperatures much higher than those used in land-based 
Rankine cycles. Condensing temperatures of 1000 to 1500°F are considered. These are higher than the 
critical temperature of water. This also means a much higher turbine inlet temperature. Thus a liquid metal 
such as sodium must be used as the working fluid. Consider a lOO-kW (thermal) Rankine cycle using 
sodium, operating with 24.692 psia and 2400°R sodium vapor at turbine inlet and condensing at 1500“R. 
The turbine and pump jxilytropic efficiencies are 0.85 and 0.65, respectively. For no feed heaters and 
ignoring pressure drops, calculate (a) the cycle efficiency and (b) the heal transfer area of the condenser- 
radiator if it has an overall heal transfer coefficient of 5 Btu/ft^ h • °F 

2-15 Calculate the gross heat rale, in Btus per kilowatt hour, and the gross efficiency of the powerplant 
shown in Fig. 2-20. 

2-16 A 100-MW (thennal) binary-vapor cycle uses saturated mercury vapor at 1600°R at the lop turbine 
inlet. The mercury condenses at 1000°R in a mercury-condenser-steam-boiler in which saturated steam is 
generated at 400 psia. It is further superheated to 1160°R in the mercury-boiler-steam superheater. The 
steam condenses at 1 psia. Assume both mercury and steam cycles to be ideal, and ignoring the pump work 
(a) draw flow and T-s diagrams of the binary cycle numbering points correspondingly, (b) calculate the 
mass flow rates of mercury and steam, and (c) calculate the heal added and heat rejected, in Btus per hour, 
and the cycle efficiency. 

2-17 An advanced-type supercritical powerplant has turbine inlet steam at 7000 psia and 1400°F, double 
reheat at 16(X) psia and 400 psia, both to 1200°F, and condenser at 1 psia. The three turbine sections have 
polytropic efficiencies of 0.93, 0.91, and 0.89 in order of descending pressures. The pump has a polytropic 
efficiency of 0.75. The plant receives one unit train of coal daily, which is composed of 100 cars carrying 
110 short tons each. The coal has a heating value of 11,000 Btus/lb,„. The turbine-generator combined 
mechanical and electrical efficiency is 0.90. Tlie steam-generator efficiency is 0.87. 8 percent of the gross 
output is used to mn plant auxiliaries. Ignoring, for simplicity, all steam-line pressure drops and all feedwater 
beaters, calculate (a) the plant gross and net outputs, in megawatts, (b) the plant cycle, gross and net 
efficiencies, and (c) the cycle, and station gross and net heat rates, in Btus per kilowatt hour. 
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2-18 Draw flow diagrams of cogeneration plants of {a) the topping back-pressure steam turbine type and 
(b) the bottoming-condensing steam turbine type. 

2-19 A cogeneration steam plant of the extraction-condensing steam turbine type has turbine inlet flow of 
12.5 kg/s at 50 bar and 400“C, extraction for process steam at 220®C and condensation for both turbine 
and process steam at 40''C. Assuming ideal turbine and pump, no feedwater heating and 50 percent fraction 
of electricity to total energy output, calculate {a) the cogeneration plant efficiency, (b) the combined efficiency 
if separate electric and steam generation plants producing the same outputs as above are used. For all cases 
take the steam generator efficiency as 85 percent. 



CHAPTER 

_ THREE 

FOSSIL-FUEL STEAM GENERATORS 


3-1 INTRODUCTION 

Steam generators are used in both fossil- and nuclear-fuel electric-generating power- 
plants. The most modem steam generat ors produce high-pressure (2400 to 3500 psia, 
165 to 240^r) super heated steam , the exception being pressurized-water reactor steam 
generators, which produce lower-pressure (KXX) psia, 70 bar) saturated steam. The 
steam is invariably used in a Rankine cycle. Ste am generators represent by far the 
greatest energy source for’^w e^ants^iiTthe w orld today^ 

This chapter will c^ver fossil-fuel steam generators. Nuclear-fuel steam gener¬ 
ators are of radically different design and will be covered in examples in Chaps. 10 
and 11 . 

A steam generator is a complex combination of economizer, boiler, superheater^ 
reheater, and air p reheater. In addition, it has various auxiliaries, such as stokers, 
pu lverizers, burners, fans, errussion control equipment, stack, anJasn- handiing equi^ 
ment . A boiler is that portion of the steam generator where saturated hquid is converted 
to saturate3~steam, although it may be di fficult to separate it, physically, from the 
^econ^iz^.'The term “boiler” is often used to mean the whole steam generator in the 
literature, however. Steam generators are classified in different ways. They may, for 
example, be classified as either (1) utility or (2) industrial steam generators. 

Utility steam generators are those used by utilities for electric-power generating 
plants and are our main concern in this book. Modem utility steam generators arc 
essentially of two basic kinds: ( 1 ) the subcritical water-tube drum type a nd ( 2 ) jhe, 
sy^rcritica l once-through type . The supercritical units usually operate at about 3500 
psia (240 baiy and higher, above the steam critical pressure of 3208.2 psia. The 
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subcritical drum group usually operate at either 1900 psig (about 130 bar) or 2600 
psig (180 bar). Jhe majority of utility steam generators purchased in the 1970s and 
1980s arc of the 2600 psig water^be^dreiTTvanHyr^ produce superheate d stea m 
at about'l(K)0T~(?TO“C) w7fh one or two-stager Of Th ryTiave the ability to 

burn'coanir^Tv enIgcn^ffm~orolTTinTbbugri WTs'BeTi^ retired as a fuel 

because of rising^osITmid^sui^ly problems. Natural gas, although still used in certain 
parts of the world, is also costly and is now being conserved for domestic uses in the 
United States. clean burning, relativel y pollution-free fuel. The 

steam capacities of m odem utility steam generators are high, ranging from 1 to 10 
million lb Jh (125 to 1250 kg/s). They power electnc powerplants ranging in output 
from 125 to 13(X) megawatts (MW). 

Industrial steam generators, on the other hand, are those used by industrial and 
institutional concerns and are of many types. These include water-tube pulverized- 
coal units similar to those used by utilities, but they also may b^m stol gr (lump) coaL 
oil, or natural gas, often in combination, as well as municipal refuse and process 
wastes or by-products. Some even use electric heating. Sornejire heat-recoveryj^pes^ 
^Jl^ryse waste heat from industrial processes. They may also be oTthe fii^tubeVariety. 
Industrial steam~^heraTors'TisilaITy^3^ produce superheated steam. Rather, they 
usually produce saturated steam, or even only hot water (in which case they should 
not be called steam generators). They operate at pressures ranging from a few psig to 
as much as 1560 psig (105 bar) and steam (or hot water) capacities ranging from a 
few thousand to I million Ib^/h (125 kg/s). 

Fossil-fueled steam generators are more broadly classified (12, 13] as those having 
the following components or characteristics. 

1. Fire-tube boilers 

2. Water-tube boilers 

3. Natural-circulation boilers 

4. Controlled-circulation boilers 

5. Once-through flow 

6. Subcritical pressure 

7. Supercritical pressure 


3-2 THE FIRE-TUBE BOILER 

Fire-tube boilers have been used in various early forms to produce steam for industrial 
purposes since the late eighteenth century. They are no longer used in large utility 
powerplants. They are covered here, however, for historical reasons and, by contrast, 
to emphasize the modem water-tube variety. Fire-tube boilers are still used in industrial 
plants to produce saturated steam at the upper limits of 250 psig (about 18 bar) pressure 
and 50,000 lb„/h (6.3 kg/s) capacity. Although their size has increased, their general 
design has not changed appreciably in the past 25 years. 

The fire-tube boiler is a special form of the shell-type boiler. A shell-type boiler 
is a closed, usually cylindrical, vessel or shell that contains water. A portion of the 
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shell, such as its underside, is simply exposed to heat, such as gases from an externally 
fired flame. The shell boiler evolved into more modem forms such as the electric 
boiler, in which heat is supplied by electrodes embedded in the water, or the accu¬ 
mulator, in which heat is supplied by steam from an outside source passing through 
tubes within ^e shell. In both cases the shell itself is no longer exposed to heat. 

The shell boiler evolved into the fire-tube boiler. Hot gases, instead of steam, 
were now made to pass through the tubes. Because of improved heat transfer the fire- 
tube boiler is much more efficient than the original shell boiler and can reach efficiencies 
of about 70 percent. 

The fire tubes were placed in horizontal, vertical, or inclined positions. The most 
common was the horizontal-tube boiler. Figure 3-1 shows such an early fire-tube 
boiler. Figure 3-2 shows a simplified sketch of such a boiler. The furnace and grates 
are located underneath the front end of the shell. The gases pass horizontally along 
its underside to the rear, reverse direction, and pass through the horizontal tubes to 
the stack at the front. 

There are two types of fire-tube boilers: (1) the fire-box and (2) the scotch marine. 
In the fire box boiler, the furnace, or fire box, is located within the shell, together 
with the fire tubes. In the scotch marine boiler (Fig. 3-3), combustion takes place 
within one or more cylindrical chambers that are usually situated inside and near the 
bottom of the main shell. The gases leave these chambers at the rear, reverse direction, 
and return through the fire tubes to the front and out through the stack. Scotch marine 
boilers are usually specified with liquid or gas fuels. 

Because boiling occurs in the same compartment where water is, fire-tube boilers 
are limited to saturated-steam production. Tliey_are__presently confined to relatively 
small capacities and low steam pressures, such as supplying steam foFspS^^sating 



Figure 3-2 Schematic of an early horizontaJ-tube fire-tube boiler [12]. 
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(a) 

Figure 3-3 SchemaUc of an early scotch manne boiler. 


ib) 


and, in decreasing numbers, for rail road locomotiv e serviccjhe largest scotch marine 
'BoneTbncrcaTHlhe United States today is rated at 2000 boiler horsepower (blhp),* 
contains two combustion chambers within a 13-ft diameter, 30-ft-long shell. 


3-3 THE WATER-TUBE BOILER: EARLY DEVELOPMENTS 

The forerunner of the modem steam generator was a water-tube boiler developed by 
G eorge Babcoc k and Stephen Wilcox in 1867^ Babcock and Wilcox called it the 
“nonexpiosive^^^water-tuoe boiIerT^ allusion to disastrous boiler explosions that were 
frequent at the time. It was not, however, until early in the twentieth century, with 
the advent of the steam turbine and its requirement for large steam pressures and flows, 
that commercial development of the water-tube boiler became a reality. 

With higher steam pressures and capacities, fire-tube boilers would need large- 
diameter shells. With such large diameters, the shells would have to operate under 
such extreme pressure and temperature stresses that their thicknesses would have been 


* Boiler horsepower was originally used to indicate the size of the boiler. One blhp was defined as 10 
ft' of boiler heating surface. This was later changed to the amount of heat required to evaporate 30 Ib^ 
of water at KKfF to saturated steam at 70 psia. Thus, using enthalpies from the steam tables, this was 
equal to 30(1180.6 - 68) » 33,378 Btu/h. Later on this was changed to the amount of heat necessary to 
evaporate 34.5 lb„/h of saturated water to saturated steam at 1 atm or 34.5 x 970.3 = 33475.35 Btu/h. 
This is now rounded lo that the modem value is 1 blhp = 33480 Btu/h. 
























































84 POWERPLANT TECHNOLOGY 


too large. In addition, they were subjected to scale deposits and boiler explosions and 
became intolerably costly. 

The water-tube boiler puts the pressure instead in tubes and relatively small- 
diameter drums that are capable of withstanding the extreme pressures of the modem 
steam generator. In general appearance, the early water-tube boilers looked much like 
the fire-tube boiler except that the higher-pressure water and steam were inside the 
tubes and the combustion gases were on the outside. The water-tube boiler went through 
several stages of development. 

The Straight-Tube Boiler 

The first water-tube boiler was the straight-tube boiler (Fig. 3-4), in which straight 
tubes, 3 to 4 in OD, inclined at about 15° and staggered with 7- to 8-in spacings, 
connected two vertical headers. One header was a downcomer, or downtake, which 
supplied nearly saturated water to the tubes. The water partially boiled in the tubes. 
The other header was a riser, or uptake, which received the water-steam mixture. The 
water density in the downcomer was larger than the two-phase density in the riser, 
which caused natural circulation in a clockwise direction (Sec. 3-5). As capacity 
increased, more than one header each and more than one tube “deck” were used. The 
two-phase mixture went into an upper drum that was arranged either parallel to the 
tubes (the longitudinal drum, Fig. 3-4fl) or perpendicular to them (the cross drum, 
Fig. 3-46). These drums received the feedwater from the last feedwater heater and 
supplied saturated steam to the superheater through a steam separator within the drum 
which separated steam from the bubbling water. The lower end of the downcomer 
was connected to a mud drum, which collected sediments from the circulating water. 

A single longitudinal drum, usually 4 ft in diameter, can allow only a limited 
number of tubes and hence a limited heating surface. Longitudinal-drum boilers were 
built with one or more than one parallel drums, depending upon capacity. They were 
built with heating surfaces of 1000 to 10,000 ft^ (93 to 930 m^) and were limited to 
low pressures of 175 to 340 psia (12 to 23 bar) and steam capacities from 5000 to 
80,000 lb3 (0.63 to 10 kg/s). 

Cross-drum boilers, because of geometry, could accommodate many more tubes 
than longitudinal-drum boilers and were built with heating surfaces of 1000 to 25,000 
ft^ (93 to 23(K) m^), pressures of 175 to 1465 psia (12 to 100 bar), and steam capacities 
of 50(X) to 5(X),000 \bjh (0,63 to 63 kg/s). 

Baffles were installed across the tubes in both kinds to allow for up to three gas 
passes to ensure maximum exposure of the tubes to the hot combustion gases and 
minimal gas dead spots. 

The Bent-Tube Boiler 

There were many versions of the bent-tube boiler. In general, a bent-tube boiler used 
bent, rather than straight, tubes between several drums or drum and headers. The tubes 
were bent so that they entered and left the drums radially. The number of drums usually 




n^iire 3-4 Early water-tube boilers; (a) Icmgitudma] and (b) cross-dnmi [12]. 
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varied from two to four. Gas baffles were installed to allow for one or more gas 
passages, as above. 

It will suffice to show one example of bent-tube boilers, the so-called four-drum 
Stirling boiler (Fig. 3-5), which was conceived in the early 1890s and has changed 
little since. Unlike other bent-tube boilers, this one had three top drums, all containing 
a two-phase mixture, and one bottom drum (also called a mud drum) that was filled 
with water. 

The four-drum Stirling boiler worked as follows. The combustion gases flowed 
upward from the furnace at bottom right, through the first bank of tubes connecting 
the water and front steam drum, through the superheater, and by proper baffling through 
the second and third tube banks connecting to the center and rear steam drums. The 
gases then left in counterflow fashion through a straight-tube economizer. Feedwater 
from the economizer entered the rear steam drum, which may be at a slightly higher 
level than the other two. Water circulated from the rear to the lower drum through 
the rear bank of tubes (the downcomer tubes) and then up through both the center and 
front banks of tubes (the riser tubes) to the center and front drums. All three drums 
had their steam and water regions interconnected at top and bottom. 
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The tubes were typically 3 to 3i in OD and spaced 5 and 7 in on centers, with 
back spacing decreased to maintain gas velocity of the cooler and denser gases. The 
spacings allowed for replacement of defective tubes without removing neighboring 
tubes. 

The four-drum Stirling boiler was superseded by a simpler two-drum design in 
which the steam drum was directly above the water drum with one bank of bent tubes 
to the front, i.e., on the side of the incoming gas and another to the rear. Later designs 
of the two-drum Stirling boiler used a single gas path. More recent designs of Stirling 
boilers used cooled furnace walls by lining the interior of the walls with tubes carrying 
the same boiler water from the plant as seen in Fig. 3-5. These added to the heat- 
absorbing surface and protected the refractory lining of the walls from excessive 
temperature. The result was higher rates of combustion and higher steam-flow rates. 

The Stirling boiler was generally capable of meeting conditions of rapidly varying 
loads, was useful where high water quality was difficult to maintain, and was adaptable 
to various fuels. It found use in both stationary and marine applications. 


3-4 THE WATER-TUBE BOILER: RECENT DEVELOPMENTS 

The advent of the water-cooled furnace walls, called water walls, eventually led to 
^he integration of furnace,~economizer, boiler, superheater, reheater, and air preheater 
mto Ifre mo dem steam g^er^6f." ~Water^oolingTs~aIso~usCT~for superheater and 
economizer compartment walls and various other components, such as screens, dividing 
walls, etc. The use of a large number of feedwater heaters (up to seven or eight) means 
a smaller ec^oniizerTanJ tHeTu^ pressure means aTmMl&f'bone r surface ^Because 
the latent heaf S"Vap6nzation decreasesrapidly^^th pressure. Thus a mod em high- 
pressure steam generator requires more superheating and reheating surface and less 
"boiler surface than older unitsT Beyond a bout l5 00 psia, tHe^v^Srlubcs represent the| 
entire boiler surtace and no other tubes, such as those ^n in the earlier designs of 
the previous two sections, are required. 

Figure 3-6 shows a schematic flow diagram of a common steam-generator system. 
Water at 450 to 500°F from the plant high-pressure feedwater heater enters the econ¬ 
omizer and leaves saturated or as a two-phase mixture of low quality. It then enters 
the steam drum at midpoint. Water from the steam drum flows through insulated 
downcomers, which are situated outside the furnace, to a header. The header connects 
to the water tubes that line the furnace walls and act as risers. The water in the tubes 
receives heat from the combustion gases and boils further. The density differential 
between the water in the downcomer and that in the water tubes helps circulation. 
Steam is separated from the bubbling water in the drum and goes to the superheater 
and the high-pressure section of the turbine. The exhaust from that turbine returns to 
the reheater, after which it goes to the low-pressure section of the turbine. 

Atmospheric air from a forced-draft (FD) fan is preheated by the flue gases just 
before they are exhausted to the atmosphere. From there it flows into the fiimace, 
where it mixes with the fuel and bums to some 3(X)0°F. The combustion gases impart 
portions of some of their energy to the water tubes and then the superheater, reheater, 
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Flue gas 



Figure 3-6 Schematic flow diagram of a modem steam generator. 


and economizer, and leave the latter at about 600°F. From there they reheat the 
incoming atmospheric air in the air preheater, leaving it at about 300T. An induced- 
draft (ID) fan draws the flue gases from the system and sends them up the stack. The 
temperature of about 3(X)°F of the exiting flue gas represents an availability loss to 
the plant. This, however, is deemed acceptable becausegas temperature should 
be kept well above the dew point of the water vapor in the gases (equal to the saturation 
temperature of water at the partial pressure of the water vapor) to prevent condensation 
which would form acids that would corrode metal components in its path, andi2f1he 
flue gases must have enough buoyancy to rise in a high plume above the stack for 
proper atmospheric dispersion. 

Example 3-1 A steam generator bums fuel oil with 20 percent excess air. The 
fuel oil may be represented by C, 2 H 26 Determine the minimum stack temperature 
needed to avoid condensation. Assume the flue gas pressure is leaving the air 
preheater at 45 psia. 

Solution Recalling that there are 3.76 mol N 2 /mol O 2 in atmospheric air, the 
combustion equation for stoichiometric (chemically correct mixture) is 


C,2H26 + I 8 . 5 O 2 + 69.56N2-^ 12 CO 2 + 13 H 2 O + 69.56N2 
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With 20 percent excess air 

C,2H24 + 22 . 2 N 2 + 83.473N2-> I 2 CO 2 'H I 3 H 2 O + 3 . 7 O 2 83.472N2 

The partial pressure of any component in a gas mixture is equal to the total pressure 
times the mole fraction of that component. Thus partial pressure of H 2 O in products 
is 


45 X 


_n_ 

12 + 13 + 3.7 + 83.472 


5.215 psia 


This corresponds to a saturation temperature of 164°F. The average temperature 
of the gases is kept much higher to avoid local cool spots that might cause 
condensation, 


The Boiler Walls 

The water tubes that cool the water walls are closely spaced for maximum heat 
absorption. Tube construction has vaned over the years (Fig. 3-7) from bare tubes (a) 
tangent to or {b) embedded in the refractory, to (c) studded tubes, to the now-common 
membrane design (d). The membrane design consists of tubes spaced on centers slightly 
wider than their diameter, connected by bars or membranes welded to the tubes at 
their centerlines. The membranes act a s fins to increase the heat transfer as well as to 
afford a conti nuourrigid and ^rTssure-tig ht con struction for the furnace. No additionaT 
inner casing is required to contain the combustion gasesTTnsuTation and metal lagging 
to protect it are provided on the outer side of the wall. One manufacturer has stan¬ 
dardized its design on 3-in-diameter tubes on 3.75 in between centers, another on 3 
in on 4 in, and yet a third on 2.75 in on 3.75 in. 

The Radiant Boiler 

Heat is transferred from the combustion gas to the water walls by both radiation and 
convection. A radiant boiler, as the name implies, receives most of its heat by radiation. 

The combustion gases have characteristics that depend upon the fuel used, the 
combustion process, and the air-fuel ratio. They may be luminous, i.e., emit all 
wavelengths and hence strong visible radiation if there are particulates such as soot 
particles during the combustion process. This is the case with coal and oil. They may 
be nonluminous, in which case they bum cleanly without particulates, as is the case 
of gaseous fuels. No combustion gases are tmly nonluminous because the heavier 
gases in the combustion products, in particular the triatomic CO 2 and H 2 O, but also 
SO 2 , ammonia, and sulfur dioxide, are selective radiators that emit (and absorb) 
radiation in certain wavelengths, mostly outside the visible range. The portion of 
radiation within the visible range is small but gives the combustion gases a green-blue 
appearance. Lighter gases such as the monatomic and diatomic gases are poor radiators. 

The radiant energy emitted by the combustion gases depends upon the gas tem¬ 
perature (to the fourth power), the partial pressures of the individual constituent ra- 




90 POWERPLANT TECHNOLOGY 



Refraclory 

wall 


(CJ) 


(/;) 




Figure 3-7 Plan views of different 
types of water tubes. 


dialing gases, the shape and size of the gases, their proximity to the absorbing body, 
and the temperature of that body (to the fourth power) [14]. 

The convective p)ortion of the heat transfer follows the usual Nusselt-Reynolds 
turbulent forced-convection relationship. It is smaller than the radiant portion because 
radiation is caused by a thick body of gas, whereas convection is localized near the 
tube surface. 

Heat received by the water walls is conducted through the membranes and tube 
walls and is then convected to the two-phase mixture inside the tubes by forced- 
convection nucleate-boiling heat transfer. The heat-transfer resistance of the latter is 
much smaller than the others so that it may be neglected in design calculations with 
little error. 
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Radiant boilers are designed for electric-generating stations to use coal or lignite 
for pulverized or cyclone furnace applications, oil, or natural gas. They are built to 
supply a wide range of steam pressures and temperatures, but usually around 1000°F 
(about 540°C) and steam capacities up to 10 x 10^ Ib^/h (1260 kg/s). They are limited 
to subcritical pressures, usually 18(X) to 25(X) psig (about 125 to 170 bar). 

3-5 WATER CIRCULATION 

Water circulates from the steam drum via downcomer pipes to a bottom header, up 
the water tubes (which act as risers), where it partially boils, and back to the steam 
drum. Full boiling to 100 percent quality in the tubes is avoided because it would lead 
to tube burnout or failure as a result of departure from nucleate boiling (DNB). The 
density of the saturated water in the downcomers is greater than the average density 
of the two-phase mixture in the risers. 

Natural circulation is dependent upon the difference between these two densities 
and the height of the drum above the bottom headers. Most large steam-generator 
boilers have sufficient natural-circulation driving force and are called natural-circu¬ 
lation boilers. Some require additional help by pumping the single-phase flow and are 
called controlled- or forced-circulation boilers. For a number of years, forced circu¬ 
lation was favored over natural circulation for relatively high subcritical pressures of 
about 23(X) psig (160 bar) and higher. At such jiressures the difference between water 
and steam densities rapidly decreases (becoming zero at the critical point, 3208 psia, 
221 bar). This reduced natural circulation and required a margin of safety against tube 
failure and burnout due to DNB, i.e., reaching the critical heat flux (also a major 
concern in water-cooled nuclear-reactor design), if a particular tube receives reduced 
flow. A pump assist supplied this margin of safety. 

More recently the water tubes in high-heat-absorbing areas of the furnace were 
provided with such devices as internal twisters and springs that would break the vapor 
film and thus inhibit or retard the onset of DNB. Another approach was to use tubes 
that were grooved, corrugated, or ribbed on their inside surface. The most recent and 
satisfactory answer has been tubes that were ribbed (rifled) helically on their inside 
surface. This ribbing creates a centnfugal action that directs water droplets to the 
vapor film clinging to the surface and provides a much greater margin of safety against 
DNB problems than do smooth tubes. Modem large steam-generator boilers can now 
be designed with natural circulation. 

Natural-circulation driving forces are explained with the simplified flow diagram 
of Fig. 3-8. The driving pressure caused by natural circulation, is given by 

A/7j = (Pdc - Pr)H— (3-1) 

8c 

where = driving pressure, Ib/ft^ or N/m^ (Pa) 

Pdc = density of water in the downcomer, nearly 
saturated at the system pressure, Ib^ft^ 
or kg/m^ 
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Pr = average density of steam-water mixture in 
the riser, Ib^/ft^ or kg/m^ 

H = height of drum-water level above bottom 
header, ft or m 

g = gravitational acceleration ft/s^ or m/s^ 

gc = conversion factor 32.2 lb,„ • ft/(lbjr ■ s^) 
or 1 kg/(N ■ s^) 

The most difficult of the parameters in Eq. (3-1) to obtain is p^, the average density 
in the riser. It is a function of the void fraction distribution along the riser height. The 
void fraction a of a two-phase mixture is a volumetric quality defined as 

volume of vapor 
volume of vapor 'I- liquid 

as opposed to the quality x. which is a mass quality, a and x are related by [2] 



1 + [(1 - x)/x]4> 

(3-3a) 

and 

1 

(3-3fc) 

X — 

1 + ((1 - oi)/a]^ 

where 

II 

(3-3c) 


where v^and are the specific volumes of the saturated liquid and vapor, respectively, 
at the system pressure, and S is the slip ratio of the two-phase mixture. The two phases 
of that mixture do not travel at the same speed. Instead there is a slip between them, 
which causes the vapor to move faster than the liquid. 5 is a dimensionless number, 
greater than 1, defined as 



Figure 3-8 A natural circulation loop. 
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5 = 




(3-4) 


where and V, / are the average vapor and average liquid velocities at any one cross 
section of the riser. S has been measured experimentally and found to vary between 
1 to less than 10 in most systems, approaching 1 at high pressures (where the liquid 
and vapor densities approach each other). It is, in general, fairly constant along the 
path length. 

The axial heat flux distribution to the riser determines the quality distribution. In 
turn, using a reasonable value for S (between 1 and 2), a void fraction distribution is 
obtained. A mixture density distribution is now found from 


Pm = - ot)p^ + apg (3-5) 

where py and Pg are densities (reciprocals of the specific volumes) of the saturated 
liquid and vapor, respectively. The average mixture distribution in the riser Pr is now 
obtained from 


_ _ /" PmU) dz 
Pr u 


(3-6) 


where z is the axial distance from the bottom of the riser. In the case of uniform axial 
heating, the solution of the above integral is [2] 

where is the riser exit void fraction. 

The driving pressure given by Eq. (3-1) should balance the pressure losses of the 
single- and two-phase fluids in the loop, which are proportional to their mass-flow 
rate to the second power. The system seeks its own equilibrium; that is, if the driving 
pressure is greater than the losses, more fluid is pushed through, causing more losses 
but also causing x and a to become lower (for the same heat flux) and Pdc “ Pr iobt 
reduced until equilibrium is reached. The reverse is also true. If the driving pressure 
is too low for the desired flow rate, a pump is added to assist in circulation. 


Example 3-2 A 40-ft-high downcomer-riser system operates at 2500 psia. The 
riser receives uniform heat flux and saturated water. The exit quality is 50 percent. 
Calculate the driving pressure. Take S = 1.2. 


Solution Using Eq. (3-3c) 




0.02859 


V, 0.13068 


Using Eq. (3-3a) 

a, = 


1 


X 1.2 = 0.2625 


1 


1 + [(1 - x,)/x,]iP 1 + (0.5/0.5) X 0.2625 


= 0.8879 
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Using Eq. (3-7) 
A 


34.977 - 7.652 (^ f 

= 0 . 262 - I’-k 


1 


In 


1 


1 - 0.8879(1 - 0.2625) 

Pdc = Pf = 34.977 Ib^/fU 
Use Eq. (3-1) to find the driving pressure 

'' 32.2 


8879(1 ~ 0.2625) 
18.701 IbJfU 


}= 




= (34.977 - 18.701 )(40) 
= 4.521 psi 


32.2 


= 651.06 lb,/ft' 


3-6 THE STEAM DRUM 


The steam drum provided in all modem steam generators except once-through types 
(Sec. 3-8) is where feedwater from the economizer is fed, saturated steam is separated 
from the boiling water, and the remaining water is recirculated as discussed above. 
The drum may also be used for chemical water treatment and blowdown to reduce 
solids in the water. The drum also must be of sufficient volume to accommodate water 
level changes caused by load changes (assisted by proper steam generator controls) 
and to prevent a dangerously low level or the “carryover” of water toward the super¬ 
heater. This would cause deposits of entrained solids in the superheater tubes and thus 
materially increase their temperature, which would lead to their distortion or burnout. 
Carryover of solids with the steam has also been known to have far-reaching effects, 
such as deposit problems on turbine blades (the most troublesome being silica deposits, 
which are not easily removed by water washing). 

The most important steam-drum function is separating the steam from the boiling 
water. The simplest method is gravity separation (Fig. 3-9a). If the steam velocity 




(a) (fj) (,.) 


Figure 3-9 Steam drum sefwation; (a) gravity, (/>) mechanical primary (baffler) and secondary (screen), 
(c) centrifugal. 
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leaving the water surface is low enough (below about 3 ft/s), the steam bubbles separate 
naturally without entraining water droplets and the solids they carry (carryover), and 
without being drawn with the recirculating water into the downcomers (carryunder). 
Factors other than velocity that affect this process are the positions of the downcomer 
and riser nozzles with respect to the steam outlet, usually at the top of the drum, and 
the operating pressure. Gravity separation is strongly affected by the difference in 
steam and water densities. The higher the pressure, the less the difference between 
these densities and the less effective the separation. Thus gravity separation, while 
requiring a simple drum, is economical only for low-steam-capacity, low-pressure 
service. 

In modem high-capacity, high-pressure boilers, mechanical separation that assists 
or supplements gravity separation takes place in two steps: primary and secondary. 
Primary separation removes most of the water from the steam and prevents the car¬ 
ryunder of steam with the recirculating water to downcomers and risers. Secondary 
separation, also called steam scrubbing or drying, removes remaining mist or fine 
droplets and the solids they carry from the steam, which results in pure, or “dry and 
saturated,'’ steam going to the superheater. Mechanical separation is accomplished by 
fitting the drums with baffles, screens, bent or corrugated plates, and centrifugal 
separators. 

Baffle plates act as primary separators. They change or reverse the steam-flow 
direction (Fig. 3-9b), thus assisting gravity separation, and act as impact plates that 
cause the water to drain off. Screens made of wire mesh act as secondary separators 
where the individual wires attract and intercept the fine droplets, much like fabric 
filters attract dust from gases (Chap. 17). The accumulating drops then fall by gravity 
back to the main body of water. Bent or corrugated plates are used for both primary 
and secondary separation. Their effectiveness derives from their large ratio of surface 
to projected areas. The above plates and screens are used in many other configurations 
to maximize gravity separation 112, 13]. 

At high pressures, where the density differential between water and steam di¬ 
minishes, centrifugal forces, much greater than the gravity forces, are used. Centrifugal 
separation devices are also called cyclone or turbo separators. They provide separation 
at pressures nearing critical. In a typical centrifugal separator (Fig. 3-9c), the mixture 
coming in from the risers is deflected tangentially downward into the main body of 
water. It then enters the separators, which are arranged along the length of the main 
steam drum. Guide vanes within the separators impart a spinning motion to the mixture, 
which causes the heavier water droplets to move radially through the lighter steam, 
to impinge on the separator wall, and to discharge downward below the water surface 
through an outer concentric cylinder. The separator may be equipped with a corrugated 
plate at its exit to provide further separation. Finally, screens, just under the drum 
exit, provide the final drying action. 

Typical utility steam drums range in length to more than 1(X) ft, in diameter to 
more than 15 ft, and in mass to a few hundred tons. They contain as many as 30 outlet 
nozzles and many more riser and downcomer nozzles. The larger drums are usually 
constructed in cylindrical sections, called courses, which are welded together, and 
two hemispherical heads which are welded to the ends. 



96 POWERPLANT TECHNOLOGY 


3-7 SUPERHEATERS AND REHEATERS 

Superheaters and reheaters in utility steam generators are made of tubes of 2 to 3 in 
OD (smaller sizes, about half these dimensions, are used in marine service). The 
smaller diameters have lower pressure stresses and withstand them better. The larger 
diameters have lower steam-flow pressure drops and are easier to align. Finning on 
the outside surface of the tubes is avoided because it increases thermal stresses and 
makes cleaning difficult. Internal ribbing, like that used in boiler water tubes, is 
unnecessary because no DNB problems arise here. Adequate heat-transfer design is 
based on gas flow inside the tubes, which has a much lower conductance than nucleate 
boiling in the boiler tubes. Because the tubes are subjected to high temperatures, 
pressures, and thermal stresses, their materials of construction must be carefully se¬ 
lected. Below 850°F carbon steel is adequate. Modem superheaters and reheaters 
operating at about 1000°F, however, are usually made of special high-strength alloy 
steels chosen for both strength and corrosion resistance 1151. The exact alloy depends 
upon steam conditions and the types of fuel, especially if it contains undesirable 
impurities. The allowable stresses for materials drop drastically as the temperature 
increases.* 


Convection Superheater 

Early superheater designs placed them above or behind banks of water tubes to protect 
them from combustion flames and high temperatures. The main mode of heat transfer 
between the combustion gases and the superheater tubes, therefore, was convection, 
and that type of superheater became known as the convection superheater. The main 
distinguishing characteristic is its response to load changes. As demand for steam 
increases, fuel- and airflow, and hence combustion-gas flow, are increased. The con¬ 
vective heat-transfer coefficients increase both inside and outside the tubes, increasing 
the overall heat-transfer coeff ient between gas and steam faster than the increase in 
mass-flow rate of the steam aione. (The combustion temperatures do not materially 
change with load.) Thus the steam receives greater heat transfer per unit mass-flow 
rate and its temperature increases with load (Fig. 3-10). 


Radiant Superheater 

Because of the need for greater heat absorption, superheaters were eventually placed 
nearer higher-temperature, in view of the combustion flames. Steam-flow velocities 
were increased to increase the overall heat-transfer coefficients, and overall superheater 
designs were improved to overcome expected higher metal temperatures. 

This placement of superheater results in the main heat transfer between the hot 
gases and flame, and the tube outer walls, to be accomplished by radiation. This design 


* For example, a material called Croloy 2i specification number SA213, Grade T22, has maximum 
allowable design stresses of 13,100, 11,000 and 7,800 psi at 900, 950, and 1000°F, respectively. Cartwn 
steel SA210-A1 has allowable stresses of only 5000 and 3000 psi at 900 and 950°F, respectively. 
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Figure 3-10 Exit-iemp>crature response of convective, ra¬ 
diant, and combined (in-series) superheaters. 


has come to be known as a radiant superheater. Radiation heat transfer is proportional 
to - rl, where T, and T^. are the flame and tube wall absolute temperatures, 
respectively. Because Tf is much greater than 7^, the heat transfer is essentially 
proportional to T/. Because 7/ is not strongly dependent on load, the heat transfer per 
unit mass flow of steam decreases as the steam flow increases. Thus an increase in 
steam flow due to an increased load demand would result in a reduction in exit steam 
temperature, the opposite effect of a convection superheater (Fig. 3-10). 

Design considerations for reheaters are similar to those for superheaters except 
that, although the steam outlet temperatures are about the same, the overall temperatures 
are lower and the steam pressures are about 20 to 25 percent of those in the superheaters. 
The pressure stresses are therefore lower and a lower grade steel alloy is tolerated. In 
addition, larger tubing with higher stresses may be used, which has the additional 
beneficial effect of reducing the pressure losses in the reheater. 

Convection superheaters alone are used with low-temperature steam generators. 
Radiant and convection superheaters and reheaters are used for high-temp)erature ser¬ 
vice. The radiant units are arranged in flat panels or platen sections with wide spacings 
of several feet to permit radiation through. These are usually followed downstream 
by sections on a narrower spacing that permit both radiation and convection. Me¬ 
chanical construction of the sections are of three kinds: pendant, inverted, and hor¬ 
izontal. 

Pendant-type superheaters and reheaters are those that are hung from above (Fig. 
3-1 la). They have the advantage of firm structural support but the disadvantage of 
flow blockage by condensed steam after a cold shutdown, which necessitates slow 
restart to purge the water that accumulates in the bottom. Inverted-type units, on the 
other hand, are supported from below (Fig. 3-11/?). They have prof)er drainage of the 
condensed steam but lack the structural rigidity of the pendant type, especially in high¬ 
speed gas flow. The inverted tyjje is not commonly used. Horizontal-type units (Fig. 
3-1 Ic) are usually supported horizontally in the vertical gas ducts parallel to the main 
furnace and receive the hot gases after a U-tum at the top. They do not view the flame 
directly and hence are mainly of the convection tyi>e. They have both proper drainage 
and good structural rigidity. Figure 3-12 shows a typical arrangement of superheaters 
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(a) (b) (c) 


Figure 3-11 Schematic diagram showing (a) pendant, (b) inverted, and (c) horizontal superheaters and 
reheaters. 



Figure 3'12 Superheater (SH), reheater (RH), economizer, and air preheater arrangements in a drum-type 
steam generator with cyclone furnace. (Courtesy Babcock and Wilcox.) 
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and reheaters. Superheaters and reheaters are often split into primary and secondary 
units for control purposes (Sec. 3-13). 


3-8 ONCE-THROUGH BOILERS 

The once-through boiler, or steam generator, is also called the forced-circulation, 
Benson, or universal-pressure boiler. The latter name is because it is applicable to all 
temperatures and pressures, although economically it is suited to large sizes and 
pressures in the high subcritical and supercritical range. In contrast to the drum type 
(Fig. 3-\3a), the feedwater goes through the economizer, furnace walls, and super¬ 
heater sections, changing sequentially to saturated water, saturated steam, and super¬ 
heated steam in one continuous pass (Fig. 3-13^). No steam drum is required to separate 
saturated steam from boiling water and no water recirculation takes place. Reheat of 
steam after it is expanded in the high-pressure turbine is accomplished by a reheater 
in the usual manner. Because of the once-through mode of operation, very' high purity 
feedwater is a requirement. Figure 3-14 shows a typical once-through steam generator. 

The once-through boiler is the only type suited to supercritical-pressure operation 
(aboVe 3208~psi aT Til lltr ^^teaW^-caiKe^fhe^ ^ heat O f vap orizrstio Li at aiTd 

beyohJlhe critical pressure is zero and liquid and vapor a re one and the same, so no 
separation in a drum is possible or necessa ry. While parti cular ly applic able to super- 
cntTcal pressure, once^rol^gh steam generators are used economically for high- 



steam 


Feedwater 


(a) (M 

Flgare 3-13 Schematic flow diagrams of (a) drum type and (b) once-through steam generators. SU = 
superheater, EC = economizer. 
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Figure 3-14 A once-through steam generator with pulverized coal furnace. (Courtesy Babcock and Wilcox.) 


pressure subcritical steam. The economical range for steam is from 2000 to 4000 psia 
(138 to 276 bar ) pressure and 30,000 to 10,000,0(X) Ib,^ (3.8 to 1260 kg/s) steam 
output. 

The once-through boiler was first developed by Sulzer Brothers, Ltd., of Swit¬ 
zerland in the late 1920s. The first commercial unit was installed in 1932. It was a 
subcritical unit and was followed by many units whose range was 1200 to 2400 psig 
(84 to 167 bar). 

A large number of pioneering supercritical-pressure once-through steam generators 
were built for the utility industry, many with double reheat, especially during the 
1940s and 1950s. Some used advanced steam pressures of 4500 to 5000 psig (310 to 
345 bar) and steam temperatures of 1150 to 1200*^ (620 to 650°C) and cross-compound 
(two-shaft) turbines. Operational and economic considerations, however, led to the 
use of more moderate steam conditions of 3500 psig and 1000 to 1050°F. Further 
optimization by the late 1960s led to the development and use of 3500/1(X)0/1025/ 
1050 plants with single-shaft four-casing steam turbines. During the 1970s however, 
such units fell out of favor because of equipment unreliability, significantly mostly in 
the low-pressure components of the plants, as well as operational complexity. It is 
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tions on heat rate [16]. 


now believed that newly developed sophisticated schemes for boiler-turbine operation 
will largely overcome these difficulties [16] and that the large improvements in effi¬ 
ciency and reduction in heat rate possible with supercritical-double-reheat plants (Fig. 
3-15) may reverse the downward trend of the 1970s. Under development, for example, 
is a 900-MW plant with steam conditions of 4500/1000/1025/1050 that will have a 6 
percent improvement in heat rate over the currently popular 2400/1000/1000 plant. 

Capital costs for a supercritical steam generator are a few percent higher than 
those of a drum-type subcritical one of the same capacity, but because of the increased 
efficiency of the powerplant the capital costs of the turbogenerator as well as the 
balance of plant (condenser, feedwater heaters, cooling towers, etc.) are lower. The 
net effect is that the total production cos ts of e lectricityJjojnillsjier kilow^t hour a re 
lower for thesu^ fcfill^ cycle,^p^icui^ly one^th double jyhea t. 

A combined^irculation boiler, developed by CombuSliurfEngineering, Inc., com¬ 
bines once-through flow with circulation for use in supercritical-pressure operation 
[13]. Recirculation is used only during start-up and low loads in a spherical mixing 
vessel to protect the furnace walls. A stop-check valve assures once-through flow alone 
at high loads. A typical unit is 805 MW single reheat 3590/1005/1005. 


3-9 ECONOMIZERS 

The economizer (EC) is the heat exchanger that raises the temperature of t he w ater 
^v^ifljrrh eTiT E h ^^^ressureTeedw heater to the saturation temp ^ature correspond- 
pressure. I his is done by gases leavlnglhe last superhea^r or rcheater . 
These gases, at high enough temperatures to transfer heat to the superheater-reheaters, 
enter the economizer at 700 to lOOOT. Part of their energy is used to heat the feedwater. 
The term “economizer” historically was used because the discharge of such high- 
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temperature gases would have caused a large loss in availability and efficiency and 
hence loss in economy of operation. 

Economizers were introduced before feedwater heating, which meant very low 
inlet water temperatures to the economizers and consequentJy low tube outer wall 
temperatures, below the dew point of the flue gases. This caused condensation and 
corrosion because of the presence of SO2 and SO3 in the gases. The moisture also 
aided in the collection of ash, thus fouling the tube outer surfaces that reduced heat 
transfer. Economizers were made of cast iron and had mechanical scrapers for cleaning. 
Early in its use, steel suffered from corrosive attack of the insides of the tubes by 
oxygen freed from the feedwater as its temperature rose in the economizer. 

Modem steam generators receiv e heat ed feedwa ter and their ec onomizers ope ratg 
above the dew point of the gases, thus eliminating external corrosion and filing. 
Chemical cleaning of in ternal suifa^s is alscTif^ [ ll]. Also, much of the feedwater 
""oxy^n is removed inSieireaeratihg feedw^r heater (Sec. 2-8) at or above 212°F, 
which reduces internal corrosion. This is also aided by maintaining the water in the 
economizer at a pH of 8 to 9. These advances permitted the use of steel, which in 
turn is suitable for the high pressures encountered in modem economizers. 

Modem economizers are designed to allow some boiling of the feedwater in the 
outlet sections, up to 20 percent quality at full power, less at part loads. 

Economizer tubes are commonly 1.75 to 2.75 in OD and are made in vertical 
sections of continuous tubes, between inlet to outlet headers, with each section formed 
into several horizontal paths connected by 180° vertical bends for proper draining. 
Sections are placed side by side on 1.75- to 2-in minimum spacings (edge to edge). 
The exact spacing depends upon the type of fuel and ash characteristics, which are 
smaller the cleaner the fuel, such as natural gas. When high-ash fuels are used, the 
water-soluble ashes accumulating on the economizer are dissolved and washed off 
during plant shutdown. In that case the economizer is usually located above a hopper, 
which receives the dissolved deposits. Steam or air-jet cleaning is also used in addition 
to washing. 

Economizers have been built with plain or extended surface tubes. Extended 
surface tubes with fins or studs on their outer surface have higher heat-transfer char¬ 
acteristics and thus require smaller space. On balance, they have lower capital cost. 
They arc, however, more suited to clean-buming gaseous fuels and situations in which 
no air preheaters are used, such as in combined steam-gas-turbine cycles (Chap. 8). 

Economizers are generafl v placed ^tween the last superheater-reheater and the 
air prehe ater. In some casesT^Tow-Temperature economizer is placed after the air 
preheater7~5uch an economizer is called a stack cooler and acts as a low-pressure 
feedwater heater except that the heating medium is the flue gas instead of steam bled 
from the turbine. 


3-10 AIR PREHEATERS 

Like economizers, air preheaters (or simply air heaters) utilize some of the energy 
left in the flue gases before exhausting them to the atmosphere. They receive 600 to 
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800°F gases. As indicated previously, these gases are cooled to only 275 to 350°F to 
avoid gas condensation and corrosion problems and to allow for proper dispersion in 
the atmosphere. The air is heated from forced-draft outlet t emperatures, not far fro m 
aUn osph eric to^50Q to 650^F and ^metimc^ln^er. Preheating the air ^ves fue l that 
woul d otherwis e be used for th at heati ng The~Tu^ ^avinp' (and hence increase in 
'plant efficiency) are nearly directly proportional to the air temperature rise in the 
preheater. Typical fuel savings are 4 percent for a 200°F air temperature rise and about 
11 percent for a 500°F air temperature rise in the preheater. 

In addition to fuel savings, preheated air is a requirement for the operation of 
pulverized-coal furnaces. Air in the 300 to 600°F range is needed for drying that fuel. 
Air is also used for transporting it to the furnace and then burning it there. Small 
stoker-fired units do not require preheated air. However, large stoker-fired bituminous- 
coal steam generators benefit from preheated air, but only up to about 350°F, to prevent 
damage to the stoker moving parts. 

Air preheaters, like economizers, were first developed in Europe. The first unit 
commercially built in the United States was a flat-plate heat exchanger in which adjacent 
steel plates formed alternate air and gas passages. Present day higher air and gas 
pressures, however, use tubular or regenerative designs that better withstand these 
pressures. There are two general types of air preheaters; recuperative and regenerative. 

Recuperative air preheaters have heat transferred directly from the hot gases to 
the air across the heat-exchange surface. They are commonly tubular, although some 
plate types are still used. Tubular units are essentially counterflow shell-and-tube heat 
exchangers in which the hot gases flow inside vertical or horizontal straight tubes and 
the air flows outside. Figure 3-16 shows a vertical preheater. Baffles are provided to 
maximize air contact with the hot tubes. The tubes arc mechanically expanded into 
top and bottom tube sheets. Thermal expansion is provided by a bellows-type expansion 
unit shown at the bottom sheet. A hopp)er is provided below the tubes to collect soot 
and dust that deposit on the inside tube surfaces. Care is taken to avoid leakage between 
the air and the hot gases. Leakage would occur from the air that is at a higher pressure 
to the gas. A leak would result in short-circuiting of combustion air, which would 
increase both forced- and induced-draft-fan power consumption in direct proportion 
to the leakage. It also reduces the heater effectiveness. 

Tubular preheaters are built in a variety of designs to suit particular steam gen¬ 
erators spaces and duct layout. They may provide for one or more passes for both air 
and gas in counter- or crossflow, in vertical or horizontal arrangements. Tube sizes 
vary from 1.5 to 4 in OD. The smaller the diameter, the larger the number of tubes 
and the greater the surface area for a given overall size. Thus smaller diameters result 
in more compact heaters of a given heat load. Cost, cleaning requirements, and fuel 
type determine the diameter to be used in a given situation. Modem large steam 
generators use 2 to 2.5 in OD heater tubes. Diameters of 1.5 to 2 in are used in marine 
service where space and weight limitations are important. 

Regenerative air preheaters are those in which heat is transferred from the hoi 
flue gases, first to an intermediate heat-storage medium, then to the air. The most 
common is the rotary air preheater, known as the Ljungstrom preheater, first developed 
in Europe in 1920 and first installed in the United States in 1923. It is composed of 
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Figure 3-16 a tubular counterflow air preheater. 
Air bypass is used to control metal temperatures 
at air inlet end. (Courtesy Babcock and Wilcox.) 


a rotor driven by an electric motor through reduction gearing so that it rotates slowly 
and continuously within a housing at 1 to 3 r/min, depending on diameter. The rotor 
has between 12 and 24 radial members that form sectors (Fig. 3-17). The sectors are 
filled with a heating surface composed of steel sheets that are flat or form-pressed with 
corrugated, notched, or undulated ribbing and formed into baskets. They constitute 
the heat-storage medium of the preheater. A stationary seal covers the equivalent of 
two opposite sectors. Half the remaining sectors are exposed at any one instant to the 
hot gases, which are moving in one direction, the other half arc exposed to the air, 
which is moving in the opposite direction. 

As the rotating sectors enter the hot-gas zone, they are progressively heated by 
the gas. They store that heat as sensible heat. When they enter the air zone, they 
progressively give up this heat to the air. The seal system reduces leakage. 

Rotary air preheaters are designed with a vertical or horizontal shaft, depending 
upon layout and ducting. They are also designed as laminar- or turbulent-surface 
types. In the laminar type, the heat-storage elements are compactly spaced so that flow 
through them is laminar. They are used with clean-burning gaseous fuels. The turbulent 
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Figure 3-17 A vertical shaft Ljungslrom air preheater (Courtesy Combustion Engineering, Inc.) 


type has elements with wider spacings (to facilitate cleaning of ash deposits) and 
turbulent flow in between. It is more suited to coal- and oil-fired systems. To get the 
same mass of heat-storage elements, the turbulent-type rotor is several times longer 
than the laminar-type and is, in general, vertically mounted, whereas the laminar type 
is usually horizontally mounted. Cleaning is accomplished by air or steam jets. 

Another type of rotary air preheater, recently developed in Europe, is one in which 
the storage elements are stationary and the gas and air ducts are connected to two 
rotating segments each. 


3-11 FANS 

Early and small-capacity steam generators relied upon natural draft for the combustion 
gases. Proper design of gas passages must be provided to have the driving pressure 
between the atmosphere and the gases within the generator, caused by the density 
difference between atmospheric air and the average gas density, overcome the various 
pressure losses within the generator and supply the required air for combustion. Anal¬ 
ogy here may be made with natural circulation in the boiler (Sec. 3-5). 

Large steam generators require an assist to push the air in, pull the gas out, or 
both. For this, they use large fans [17, 18]. There are two types of fans in use today: 
forced-draft (FD) and induced-draft (ID) fans. When either one is used alone, it should 
overcome the total air and gas pressure losses within the generator. 
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Forced-draft fans, used alone as in many large steam generators and practically 
all marine applications, are placed at the air entrance to the air preheater and put the 
entire system up to the stack entrance under positive gage pressure. Because they 
handle only cold air, they have several advantages over induced-draft fans. Some 
advantages; 


1. They have lower maintenance problems. 

2. They consume much less power because the cold air has the lowest specific volume 
in air-gas path. Recall (Sec. 1-2) that a fan is a steady-flow thermodynamic system 
so that the work per unit mass-flow rate is given by 

= i V dP (1-9) 

where v is the specific volume, being lowest for the cold air entering. 

3. Their load is reduced by the absence of the additional gas equivalent of the fuel 
added. 

4. As a consequence of the above, their capital and op)erating costs are lower. 


Disadvantages result from the fact that they put the furnace under pressure, in which 
case it is called a pressure furnace: 


1. Leakage of noxious gases from the furnace walls would be to the outside, neces¬ 
sitating a gas-tight furnace construction. 

2. Special attention must be given to the design of inspection doors, soot blower 
boxes, and fuel-igniter openings. 


For good reliability two forced-draft fans, operating in parallel are usually used, each 
one capable of at least 60 percent of full load flow when the other is out of service. 

Induced-draft fans are located in the gas stream between the air preheater and the 
stack, either before or after the dust collector (Chap 18). They discharge essentially 
at atmospheric pressure and place the entire system under negative gage pressure. 
They must handle hot gases, including the original air, the gas equivalent of the fuel 
added, and leakages into the system. Their power requirements are therefore greater 
than forced-draft fans. In addition they must cope with corrosive combustion products 
and ash. Induced-draft fans are seldom used alone. 

When both forced- and induced-draft fans are used in a steam generator, the FD 
fans push atmospheric air through the air preheater, dampers, various air ducts, and 
burners into the furnace. The ID fans pull the combustion gases from the furnace, 
through the heat-transfer surfaces in the superheaters, reheaters, economizer, and gas 
side air preheater and into the stack. (Sometimes they are built into the stack base.) 
The stack, because of its height, adds a natural driving pressure of its own (Sec. 3- 
12). The furnace in this case is said to operate with balanced draft, meaning that the 
pressure in it is approximately atmospheric. Actually, it is kept at a slightly negative 
gage pressure to ensure that any leakage would be inward. 

Steam generators that use low-ash fuels such as gas or oil are usually designed 
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with pressurized firing. Coal-fired generators may be designed with either pressurized- 
or balanced-draft firing. Modem systems seem to favor the latter. 

Fans used in electric-generating plants are among the largest made; capacities of 
1.5 million ft^/min (700 m^/s) and 60-in water static pressures (about 2.2 psi, 0.15 
bar) are common. Because they operate continuously for long periods (up to 1 or li 
years), the fans must be well designed, mggedly constructed, well balanced, and 
highly efficient over a wide range of outputs. There are two types of fans in common 
use: centrifugal and axial. In the centrifugal fan, the gases are accelerated radially 
through curved or flat impeller blades from rotor to a spiral or volute housing. In the 
axial fan, gases are accelerated parallel to the rotor axis. This is similar to a desk fan, 
but here the fan is housed in a casing to develop static pressure. Axial fans (with 
variable-pitch moving blades) maintain high efficiencies over a wider range of loads 
than constant-speed centrifugal fans but have higher capital costs. 

In general, centrifugal fans with backward-curved blading are used for FD fans 
and with flat or forward-curved blading (Fig. 3-18) for ID fans. (Occasionally back¬ 
ward-curved blading but with curvature less than that for FD fans is used.) The lesser 
curvature results in lower tip speed and allows less dirt to cling to the backside of the 
blades, thus minimizing the erosive effect of ash. Low-speed fans with flat blades are 
used with particularly dirty or corrosive gases. 

Because the pressure differential AP across a fan is usually small, the airflow or 
gas flow may be considered incompressible, that is v = constant, and Eq. (1-9) may 
be modified to 


V AP 

= - ft • \hf/\K or J/kg (3-8) 

Vf 

The power would be given by 

VVsf = ^ ft ‘ lb//s or W (3-9) 

Vf 

where v = specific volume of air or gas, obtained from 

the perfect gas equations (1-30), ft^/lb,„ or mVkg 

AP = pressure rise across fan, lb//ft^ or N/m^ (Pa) 

Tjf = fan efficiency, dimensionless 

m = mass-flow rate of air or gas, Ib^/s or kg/s 


Figure 3-18 Centrifugal blading; (a) for¬ 
ward (b) flat, and (r) backward-curved. 
Vector diagrams show blade tip velocity 
Vfc, air velocity relative to blade, and V 
absolute velocity of air leaving blade. V 
ii the same in all cases. 
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The horsepower may be obtained by dividing VVsf in ft ■ lb//s by 550 or in W by 745.7. 
The assumption of incompressibility results in errors less than 3 percent for pressure 
ratios across the fan up to 1.10. Higher pressure ratios would require the use of a P- 
V relationship of the type PV" = C (Table 1-3) to evaluate the exact work and power. 

Figure 3-19 shows typical characteristics of a centrifugal fan with backward-curved 
blades. The characteristics usually show pressure and other parameters based on static 
pressure. Static pressure is the force per unit area exerted on a wall by an adjacent 
fluid that is at rest with respect to the wall (the velocity at the wall in a boundary layer 
is zero). A fluid in motion, in addition, has a velocity pressure. The sum of the static 
and velocity pressures is called the total pressure. Static and velocity pressures are 
obtained correspondingly from the kinetic and flow energy terms in the general energy 
equation rewritten for no heat, work, or friction and for incompressible flow (the 
Bernoulli equation). Ignonng the potential energy term 

Pv H-^ = constant (3-10) 

where each term has units of energy. Multiplying by the density p = 1/v gives 

p ^ p ^ = constant (3-11) 

2gc 

where each term has units of pressure, P is the static pressure, and pV]l^gc is the 
velocity (or kinetic) pressure. Dividing Eq. (3-11) by the weight density pglg^ gives 

h + —^ = constant (3-12) 

^g 

where the terms have the units of length, h here is called the static head, V]llg is 
called the velocity head. The term head, in feet (ft) or meters (m) is often used in 
fluid technology. Static horsepower is that calculated from Eq. (3-9), where AP is the 
difference between static pressures. 



Figure 3-19 Typical constant-speed characteristics of a 
centrifugal fan with backward-curved blades. 
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Fan control There are two common methods of controlling the output of fans; damper 
control and variable-speed control. 

Damper control has the advantage of low capital costs for the damper mechanism 
itself and for the fan drive motor, which would be a simple constant-speed induction 
ac motor. It is easily adaptable to automation and allows continuous rather than stepwise 
control. It suffers, however, from the disadvantage that it adds additional flow resis¬ 
tance that the fan must overcome by increasing its power input. Dampers are usually 
put on the outlet side of the fan, although inlet dampers, called inlet vanes, are 
sometimes used. They consume less power than outlet dampers but are only effective 
for moderate load changes near full load. When used with FD fans, they are usually 
used in combination with outlet dampers. Another combination that results in power 
savings is the use of a two-speed ac drive motor in conjunction with damper control. 
Two-speed motors are less expensive than variable-speed ac drives. 

Variable-speed control has the advantage of reduced power consumption and is 
the most efficient method of fan control. The effect of speed on fan performance is 
that flow, pressure, and power input are directly proportional to N, and 
respectively, where N is the speed of the fan in revolutions per minute (r/min). Thus, 
reducing speed by say 70 percent reduces the capacity to 70 percent, the pressure to 
about 50 percent, and the power input to about 35 percent. The actual relationships 
m def>endent upon changes in the effectiveness of the variable-speed drive used. 
Figure 3-20 shows the effect of speed on pressure and power for a centrifugal fan. 
The typjcs of drives are (1) variable-speed steam turbine, (2) hydraulic coupling, (3) 
magnetic coupling, (4) variable-speed dc motor, (5) multiple-speed ac motor, and (6) 
electronically adjustable motor drive. The main disadvantage of variable-speed control 
is that all these methods involve higher capital costs than damper control, though the 
latter is less efficient. 




3-20 Typical centrifugal fan performance curves showing effect of varying speed, r/min [12], 
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Two Other types of fans are used in powerplants: primary-air fans and gas-recir- 
culation fans. Primary-air fans supply air to dry and transport pulverized coal to the 
furnace or to a storage bunker. Gas-recirculation fans recirculate gas from a point 
between the economizer and air preheater back to the bottom of the furnace as part 
of a steam-temperature control system. 

Fans are a major source of noise in powerplants. To reduce that noise, they are 
often housed in thick masonry acoustical enclosures or equipped with inlet silencers 
(FD fans), or both (19]. 


3-12 THE STACK 

Tall and conspicuous from a distance, stacks are used in nearly all powerplants. Early 
steam generators relied solely on stacks to meet the total pressure losses (draft) at the 
required gas flows. Modem ones have high gas-flow requirements and, because of the 
various heat exchangers (superheaters, reheaters, economizers, air preheaters), have 
such high pressure losses that stacks alone arc insufficient and fans are added. Stacks 
have two functions; (1) to assist the fans in overcoming the pressure losses and (2) to 
help disperse the gas effluent into the atmosphere. 


Driving pressure The driving pressure Apj, in or N/m^, supplied by a stack 
is given by an equation similar to Eq. (3-1) 


Ap./ = (P. - ft)//- (3-13) 

S. 

where - atmospheric air density, Ib^/ft^ or kg/m^ 

Ps = average stack gas density, Ib^/ft^ or kg/m^ 

H = height of the stack, ft or m 

Because both air and gas obey the perfect-gas law, Eq. (l-19fl), from which p = ml 
V = PIRT, Eq. (3-13) becomes 


where 






Pa and P, = absolute pressures of atmospheric air 
(barometric pressure) and stack gas, 
respectively, Ib/fE or N/m^ 

Ra and R, = gas constants for air and stack gas, 

respectively, ft ■ lb/(lb^ ■ °R) or J/(kg • K) 

Ta and T, = air and average stack gas temperatures 
respectively, °R or K 


(3-14) 
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Table 3-1 The variation of barometric pressure with altitude 

Altitude, ft 


p.- 

0 

1000 

2000 

3000 

4000 

5000 

6000 

7000 

8000 

10.000 

inHg 

29.92 

28.86 

27.82 

26.82 

25.84 

24.90 

23.98 

23.09 

22.22 

20.58 

psia 

14.70 

14.17 

13^66 

13.17 

12.69 

12.23 

11.78 

11.34 

10.91 

10.11 

bar 

1.013 

0.977 

0.942 

0.908 

0.875 

0.843 

0 812 

0 782 

0.752 

0.697 


and P, differ only slightly. Ra = 53.34 ft • lby(lb^ ■ °R). Rs depends upon the gas 
composition* and hence upon the fuel used and is about 52.2 for bituminous coal, 
53.2 for fuel oil, and 55.6 for natural gas. Equation (3-14) can then be rewritten with 
good accuracy into the form 


A/>, = 



(3-15) 


In any one location P^ varies daily according to weather conditions. It is also a function 
of the altitude of the location. Standard values at different altitudes are given in Table 
3-1. Ta, of course, varies seasonally, daily, hourly, etc. Ts is dependent upon the 
temperature variation of the gas along the stack, which is dependent upon the heat 
losses through the stack walls and any infiltration of cold outside air. The exact value 
of T, is obtained by integrating the stack local temperature as a function of height and 
dividing by H, in the same manner as finding the average density in a two-phase 
channel [Eq. (3-6)]. This function is difficult to evaluate exactly, and arithmetic 
averaging, implying nearly constant heat loss along the stack, is accepted. Thus 




To -K Th 
2 


(3-16) 


where and are the stack inlet and exit temperatures, respectively, in Tl or K. 
Values of depend upon T^, the stack height H and internal diameter D, and the 
outside atmospheric conditions such as temperature and wind velocity. As expected, 
Tf^ increases as and D increase and decreases as H increases. 

Stacks, of course, introduce pressure drops of their own. These arc caused by 
wall friction and the pressure equivalent to the kinetic energy of the gases leaving the 
stack. The latter is usually a few times greater than the former. The total is only a 
few percent of the driving pressure. 


Dispersion The second important function of a stack, dispersion of the flue gases into 
the atmosphere, is defined as the movement of the flue gases horizontally and vertically 


* for a mixture is equal to the sum of the products of the mass fraction in the mixture times the gas 
constant for each individual constituent. 
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Figure 3-21 Dispersion mode! forms a stack of height H and plume A//. 


and their dilution by the atmosphere. The horizontal motion is the result of existing 
wind. The vertical motion results from the upward motion of high-velocity warm stack- 
exit gases to much higher elevations. The stack-exit velocity results in a plume rise 
A// above the actual stack (Fig. 3-21). The gases bend in the direction of wind flow. 
According to most models, the plume height AH is the height of a virtual point source 
above the stack, obtained by extending the lines of dispersion backward. AH is there¬ 
fore obtained some distance downwind from the stack, where the plume has reached 
its maximum height. There, thus, is an effective stack height H, given by 

H, = H ^ AH (3-17) 

In specific situations the proper design of a stack is dependent upon the local topography 
and airflow patterns. Valleys, for example, can concentrate emissions to unacceptable 
levels, Model studies are often necessary. 

One of the most severe hindrances to dispersion is atmospheric inversion, which 
occurs when the temperature of the atmosphere increases with elevation. It is a condition 
of little wind and strong stability that results in the reduction of vertical disp)ersion 
and therefore the trapping and concentration of local emissions.* 

There are several analytical methods of calculating AH [20]. Most of them utilize 
a momentum term that accounts for the vertical momentum of the gas caused by the 
stack exit velocity and a buoyancy term that accounts for the difference between stack 
gas and atmospheric densities. They yield different correlations and widely differing 
values for AH. Some of these correlations, giving AH in meters, arc: 

1. Carson and Moses [21] 

AW = -0.029 — + 2.62^^^ (3-18) 

v„ v„ 

Vs = stack-gas exit velocity, m/s 
D = stack diameter, m 

* There arc two kinds of inversion. The first, called subsidence inversion, is due to the descent of a 
layer of air within a high-pressure air mass. The second, called radiation inversion, is due to thermal 
radiation from the earth’s surface to the atmosphere above at night. 
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- wind velocity at stack exit, m/s 

Qe = heat emission, J/s, given by 

Qr = rncpij, - (3-19) 

where m = gas mass-flow rate, kg/s 

Cp — specific heat ot gas = 1005 J/(kg ■ K) for dry air 
at low temperature) 

T, ^ gas temperature at stack exit, K 

= air temperature at stack exit, K. 


2. Bnggs 122] 


m = 


114CF^^^ 

V.. 


(3-20) 


where 

C = dimensionless temperature gradient parameter = 1.58-41.4(A0/A2) 

A8/Az = air potential temperature gradient, K/m = 0 for neutral atmospheric 
stability conditions* 

F = buoyancy flux = gV,D\T, - TJIAT,,, m'Vs^ 
g = gravitational acceleration = 9.8 m/s^ 

3. TV A model [24] 


A// = 



(64 ^H/^2) 


(3-21) 


Equation (3-18) is based on many observations and is applicable to all atmospheric 
stability conditions. Equation (3-20) takes account of the various stability conditions 
via C and was based on values of A^/Az between — 0.(X)1 to +0.013 K/m. Equation 
(3-21) was proposed to yield a value of A// some 2 km away from the stack where 


* Stability is defined as the tendency to resist vertical motion or to suppress turbulence. When the 
atmosphere is considered to be an adiabatic system, free of frictional or inertial effects, it can be shown 
[23] that dT^/di ^ - 0.01 KVm for dry air. The negative of this temperature gradient is called the adiabatic 
lapse rate V = 0,01 K/m. Because the standard atmosphere docs not meet the above restrictions, a value, 
based on meterological data, of dTJdz = - 0.0066 K/m has been adopted as an international standard. 
The air average temperature in the earth's middle latitudes decreases linearly with elevation in the troposphere 
from sea level to nearly 10,760 m (35,300 ft), above which it remains constant at 216.7 K (-67^) in the 
stratosphere. A stable atmosphere is one that docs not exhibit much vertical motion or mixing, and hot 
gases emitted near the earth’s surface tend to remain there. A strongly stable atmosphere is one where 
^Jdz is positive. This is the case of inversion referred to earlier. A weakly stable atmosphere is one where 
^Tjdz is negative but greater than the environmental standard. A neutral atmosphere is one where dTJdz 
is negative and equal to the environmental standard. In neutral conditions, air that is earned rapidly upward 
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the maximum plume rise was believed to have taken place. It takes into account the 
stability conditions via A^/Az, directly built into the equation. There are numerous 
other correlations for AH, some including the horizontal distance from the stack as a 
parameter. Finally, there are theories based on the assumption that the concentration 
of dispersed material in the wake is a three-dimensional gaussian distribution around 
the axis of the wake (Fig. 3-21). A formulation by Cramer [25] is presently accepted 
for predictions of particulate distributions of the atmosphere. 

The nature and environmental effects of pollutants from powerplants are covered 
in Chap. 17. 


3-13 STEAM-GENERATOR CONTROL 

Steam-generator, and indeed total, powerplant control is a rather broad subject that 
includes instrumentation, data processing and controls for combustion, steam flow, 
temperature and pressure, drum level, burner sequencing, desulfurization precipitators, 
ash handling, system integration, start-up and shutdown, and automation. It obviously 
cannot be covered fully in this textbook. In this section, therefore, we will cover, in 
a simplified manner, only a few basic control systems that apply to the steam generator. 
These are: feedwater and drum-level control, steam-pressure control, and steam-tem¬ 
perature control. 

Feedwater and Drum-Level Control 

Feedwater (and therefore steam) flow is controlled to meet load demand by the turbine 
and at the same time maintain the level of water in the steam drum within relatively 
narrow limits. It is common to maintain the normal drum level at “half-a-glass,” 


will have the same temperature as the environment and there is no further movement. An unstable atmosphere 
is one where dT^/d: is negative and less than the environmental standard. It is the case where motion in 
the vertical direction is enhanced. 



Actual environment — — _ Adiabatic 


The parameter used in Eqs. (3-20) and (3-21) is called the potential temperature gradient 

and is equal to the difference between the environmental and adiabatic temperature gradients, Aft'Az = 
(Ar/Arienv - (Ar/Az)^„b. Thus it is zero for a neutral atmosphere, positive for a strongly stable atmos¬ 
phere, and negative for an unstable atmosphere. 
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meaning half full, in reference to sight glass tubes used outside the drum. A high 
steam consumption by the turbine, combined with low feedwater supply, for example, 
would lower the water level in the drum. Figure 3-22 shows a three-element automatic 
control system, of which drum level is one element. 

The drum-level sensor responds to the error between actual drum and its set point, 
such as in the case of high steam consumption and low feedwater supply, and acts on 
the controller to increase the feedwater valve opening to meet the steam-flow demand. 
This action may be too slow and is supplemented by sensors for feedwater and steam 
flow. The difference between the signals from these two sensors anticipates changes 
in drum level and sends a signal to the controller to actuate the valve in the proper 
direction. 

Steam-Pressure Control 

The steam-pressure control system (Fig. 3-23), sometimes called the “boiler master,” 
maintains steam pressure by adjusting fuel and combustion airflows to meet the desired 
pressure. When pressure drops, the flows are increased. A steam-pressure sensor acts 
directly on fuel- and airflow controls, such as the pulverized-coal power drives and 
the forced-draft fan, to affect the desired changes. A tnmming signal from fuel- and 
airflow sensors maintains the proper fuel-air ratio. Because it is often difficult to obtain 
accurate fuel flows, a steam-flow sensor is sometimes substituted for the fuel-flow 
sensor. 

Usually about a 5-s delay is allowed when changing coal flow and airflow to 
ensure the prevention of a momentary rich mixture (high fuel-air ratio) and thus assure 
smoke-free combustion. 

Steam-Temperature Control 

Steam-generator outlet temperature control within narrow limits is important to pow- 
erplant op>eration. Steam temp)eratures may fluctuate because of the buildup of slag or 


Si earn 



Trimming signal 


3-22 Schematic of a three-clement feedwater control system. 
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Figure 3-23 Schematic of a steam- 
pressure control system. 


ash on heat-transfer surfaces. The main fluctuations, however, occur because of changes 
in load. Recall that radiant-type superheaters and reheaters have a drooping temper¬ 
ature-load characteristic, whereas convection-type units have a rising temperature-load 
characteristic (Fig. 3-10). 

A reduction in steam temperature results in loss in plant efficiency. For example, 
a drop of 35 to 40°F results in about 1 percent increase in heat rate. On the other 
hand, an increase in steam temperature above design may result in overheating and 
failure of superheater and reheater tubes and turbine blades. 

The temperature of the saturated steam leaving the drum corresponds to the system 
pressure and thus remains constant as long as the steam-pressure controls are in working 
order. It is the superheater-reheater responses to load changes that have to be corrected. 
There are several ways of adjusting the temperature, some of which are discussed 
below. 


Combined radiant-convective superheaters In certain cases radiant and convective 
superheaters are arranged in series to yield a relatively flat final steam temperature 
over a wide load range (Fig. 3-10). 

Attemperation Attemperation is the reduction of steam temperature by one of two 
methods. The first uses a surface attemperator, which removes heat from the steam 
in a heat exchanger. One form of the latter, called the shell type, has a portion of the 
steam taken out through tubes from between the primary and secondary superheaters 
by an automatic valve and diverted to a shell-and-tube heat exchanger containing some 
of the boiled water. The steam gives up some of its heat to that water and then remixes 
with the primary steam upon entering the secondary superheater. Temperature control 
is accomplished by controlling the amount of diverted steam. Another version of the 
surface attemperator, called the drum type, has the heat exchange between the diverted 
steam and the boiler water occur within the main steam drum, which must now be 
made larger to accommodate the attemperator tubes. 








FOSSIL-FUEL STEAM GENERATORS 117 


The second method of attemperation uses a device calJed the spray, or direct 
contact, attemperator (Fig. 3-24). It reduces the steam temperature by spraying low- 
temperature water from the boiler or economizer exit into the line between the primary 
and secondary superheaters, Fig. 3-6. The spray nozzle injects water into the throat 
of a mixing venturi, where the water mixes with high-velocity steam in the throat, 
vaporizes, and cools the steam. The venturi and a thermal sleeve also protect the main 
steam pipe from thermal shock caused by any unvaporized water droplets that might 
otherwise impact on the pipe. The water used must be of high purity to avoid adding 
deposits on the superheater tubes, pipes, and turbine blades. The spray attemperator 
has been satisfactory in service. It provides a rapid and sensitive means of temperature 
control. Steam temperature is controlled by regulating the amount of spray water to 
produce a flat temperature curve beyond point a (Fig. 3-25). A simple energy balance 
illustrates the principle. For no work, heat, or changes in potential and kinetic energies, 
the enthalpy entering the system equals that leaving it. Thus 

m,hsi + - (m, + m^)h,2 (3-22) 

where and = mass-flow rates of steam and water, 

respectively, Ib^h or kg/s 

h, and h^. - specific enthalpies of steam and water, 
respectively, Btu/lb^ or J/kg 

subscripts 1 and 2 refer to steam inlet and exit, 
respectively 



Figure 3-24 A spray attemperator for steam temperature 
control. 
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Figure 3-25 Artemperation with 
oversized pnmaiy and secondary su¬ 
perheaters. 


Example 3-2 Steam enters a spray attemperator at 2500 psia and 950°F. The 
spray water comes from the boiler drum, which operates at 2600 psia. Calculate 
the mass of spray water that must be added per unit mass of steam to reduce its 
temperature to 900°F. 

Solution From the steam tables: = 1423.1, h ,2 = 1386.7, h^. = hf at 

2600 psia = 744.47, all in Btu/lb^. Using Eq. (3-22) 

1423.1 -f — X 744.47 = (1 4 —) x 1386.7 
m, m, 

Therefore 


— = 0.0567 

The attemperator, of either type, may be located before, between, or after the 
superheater, The first choice will cause condensation of the saturated steam from the 
boiler before it enters the superheater. In the last choice, the steam temperature exceeds 
the final desired steam temperature before attemperation. The midlocation between 
the primary and secondary sections of the suf>erheater is therefore the preferred one 
Attemperation is sometimes used in series with gas recirculation (below), as shown 
in Fig. 3-26. 

Separately fired superheater A superheater with its own burner, fans, combustion 
chamber, controls, etc., all independent of the steam generator, is sometimes used 
and may serve more than one steam drum. The rate of firing is adjusted to yield a flat 
steam temperature-load curve. This system is not generally economical for large electric 
generating systems and is usually used in the chemical process industry. 




FOSSIL-FUEL STEAM GENERATORS 119 



percent Figure 3-26 Gas recirculation and attemperation in series. 


Gas recirculation In this system, gas from some point downstream of the superheater- 
reheaters, mostly from the economizer outlet but sometimes from the air preheater 
outlet, is recirculated back to the furnace by means of a gas-recirculation fan (mentioned 
at the end of Sec. 3-10). The term gas recirculation is restricted to the case where the 
gas is introduced back to the burning zone, such as before the burners, at the bottom 
hopper, etc. Gas recirculation to a point downstream of the burning zone is called gas 
tempering. Varying the percentage of recirculated gas alters the heat-absorbing char¬ 
acteristics of the various heat-absorbing surfaces in the steam generators to yield the 
desired effect and is taken into account in the initial design of the system. 

Other types of steam-temperature control are selecting burners that give the desired 
gas temperature, using tiltahle burners to shift the flame zone in the furnace, bypassing 
a portion of the hot gas around the superheater by dampers, and others. 

Regulating reheat outlet steam temperature is necessary for the same reasons as 
those for regulating superheater outlet temperatures, and the methods used are generally 
the same. 


PROBLEMS 

3-1 Calculate the percent energy distribution in a steam generator that goes into steam, losses to flue gases, 
refuse and heat losses. The steam generator receives 480 short tons of coal p>er day. The heating value of 
coal is 13,000 Btii/lb„. 375,000 lb3 of water enters the steam generator at 2500 psia and 450“F and leaves 
as steam at 2400 psia and 1000°F. Combustion air enters at 80®F and the flue gases leave at 350T. The 
refuse, generated at the rate of 45 short tons per day, has an internal energy of 800 Btu/lb,„ The air/fuel 
ratio by mass is 20:1. Assume that the flue gases have the same variable specific heat as air. 

^-2 A steam generator bums a fuel oil that has the following chemical analysis by mass: Carbon 85.3%, 
hydrogen 14.1%. sulfur 0.5%, and nitrogen 0.1%. Combustion lakes place in 125% theoretical air. The 
flue gases leave the air preheater at 25 psia. Find (^i) the minimum stack temperature to avoid condensaimn 
and ih) the maximum mass of sulfurous acid (H2SO3) that may be deposited per unit mass of fuel oil bum 

^3 A West Virginia coal has the following mass analysis: Carbon 75.0%, oxygen 6.7%, hydrogen 5.0%, 
water 2.5%, sulfur 2.3%, nitrogen 1.5%, and ash 7.0%. It bums in a steam generator with 125 percent 
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theoreticaJ air. Calculate (a) the minimum stack temperature to avoid condensation if the flue gas pressure 
leaving the air preheater is 12 psia and (b) the mass of SO 2 produced per unit mass of coal burned. 

3-4 A gaseous fuel has the following volumetric analysis. 90% methane (CH 4 ), 5.0% ethane (C 2 H«), and 
5% nitrogen. It bums in a steam generator with 115 percent theoretical air. Calculate the minimum stack 
temperature if the flue gases leaving the air preheater are at 15 psia. 

3-5 A water-tube steam generator operating at 2400 psia has 50-ft-high 3-in ID tubes. The pressure drop 
is given by 3.25 x 10^ rh\ \Chere rti is the mass flow rate, in pound mass per hour. Assuming saturated 
water in the downcomer, a water-steam mixture in the tubes with an average density of 18 Ib^ft’, and an 
inlet tube velocity of 3.0 ft/s, calculate the pump pressure necessary for the given flow. 

3-6 A dmm-type steam generator operates at 160 bars. 1260 kg/s of water goes down the downcomer, 
7.32T subcooled. The downcomer and risers are all 12 m high. The average water-steam mixture density 
in the risers is 350 kg/m\ The pressure losses in the downcomer and risers total 0.5 bar, Calculate the 
power, in kilowatts, needed to drive a forced circulation pump if the pump efficiency is 0.70. 

3-7 A 40-ft-long 3-in-diameter steam generator water tube receives saturated water at a velocity of 2 feet 
per second and a pressure of 2400 psia. Heat is added to it uniformly. The slip ratio is 18. Calculate the 
maximum heat added to the tube in Btus per foot if the exit void fraction is not to exceed 0.80. 

3-8 Steam enters a convective-type superheater samrated at 160 bars. At a given load it leaves at 480“C. 
The convective heat transfer coefficients inside h, and outside h„ of the tubes are proportional to " and 
rrig^ respectively, where m, and are the mass flow rates of steam and gas. Find the exist gas temperature 
in degrees centigrade if both steam and gas flow are doubled. The gas temperature T, remains constant at 
2000°C. Assume for simplicity that heat transferred tetween gas and steam is proportional to the product 
of an overall heat transfer coefficient U and (T, - T,), where Ts is the average steam temperature, and 
also proportional to [7,2 - T,\). where r ,2 and T,i are the exit and inlet steam temperatures. Ignore the 
conductive resistance in the tube walls and recall from heat transfer that U is inversely proportional to 
(I//1, + \/h,). 

3-9 Steam enters a radiant-type superheater in a dry and saturated condition at 2400 psia. The convective 
heat-transfer coefficient inside the tubes is proportional to where m is the steam mass flow rate. The 
radiative heat transfer between the combustion gases and the tubes outer surface is proportional to (T) - 
7^), where 7/ and are the flame and tube wall temperatures, respectively. At a given load, the superheater 
exit steam temperature is lOOGT, and the external heat-transfer coefficient is five times the internal hcat- 
u-ansfer coefficient. Ignonng the conductive resistance in the tube walls and the tube thickness, estimate 
the temperature of the steam leaving the superheater if the steam mass flow rate is doubled. 

3-10 A 24-sector Ljungstrom air preheater contains l/I6-in-thick corrugated steel sheets and rotates at 2 
r/min. The hot gases enter at bOO^F and leave at 350°F The air enters at 70°F. For simplicity assume that 
the gases and air have equal mass flow rates of 100,000 lb,yh each, and the same specific heat of 0.243 
Btu/lb„°R. The preheater has an effectiveness of 0.80 (ratio of actual air temperature rise to theoretical 
maximum temperature nse). Ignore short-circuiting in the preheater and assume perfect heat absorption and 
release by the steel sheets. Steel has a density of 490 Ibj'ft^and a specific heat of 0.1 Btu/lb^"R Calculate 
( 12 ) the air exit temperature and (b) the total preheater steel sheet area, in square feet. 

3-11 A powerplant receives 92,OCX) lb,yh of coal which bums in 125 percent theoretical air. The coal is 
assumed, for simplicity, to be composed of 1(X) percent carbon. The air-flue gas pressure losses in the 
steam generator total 60 in water. Find the power, in megawatts and horsepower, necessary to drive ( 0 ) a 
forced-draft tan with air at 60°F and {b) an induced-draft fan with flue gases at 300®F if cither is used alone. 
The fans have efficiencies of 0.7. Use Cp for cold air and flue gases of 0.24 and 0.243 Btu/lb^Tl, respectively. 
Assume a 2 percent inlcakagc in the case of the induced-draft fan, and negligible change in specific volume 
across the fans. 

3-12 Find the total power consumed, in megawatts and horsepower, by forced- and induced-draft fans if 
both arc used on a steam generator operating on a balanced draft. Assume that the pressure losses before 
and after the furnace are 20 and 40 in water, respectively. The steam generator uses 800,000 lb,w/h of fuel 
oil with air-fuel mass ratio of 18.75. Take leakage into the steam generator at 1 percent of total flow. The 
outside air is at 40®F and the flue gases are at 325‘’F. The FD and ID fan efficiencies are 0.8 and 0.7, 
respectively. 
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3-13 A centrifugal fan equipped with damper control has the damper wide open at full flow. The damper 
is partly closed to reduce flow to 80 percent of full load. Estimate the changes, in percent, in static pressure, 
and the horsepower requirement. 

3-14 A centrifugal fan equipped with vanable speed control produces a flow of 20,000 flVmin at 860 r/min. 
Its speed is increased at 1160 r/min. Estimate the flow in cubic feet per minute, shaft horsepower and static 
pressure rise, in H 2 O, if its speed is increased to 1160 r/min 

3-15 Combustion gases at 800°F enter a cross-flow-type economizer of a steam generator and leave at 
600°F. The steam pressure is 1200 psia. 10* lb,yh of feedwater leave the high pressure feedwater heater at 
400T and leave the economizer 7.2°F subcooled. The overall heat transfer coefficient U (which takes into 
account convection of both gases and water and radiation between the gases and the tubes) is 13.5 
Btu/h ft^ °F. Calculate the total tube length required if the tubes are 2 in OD. 

3-16 A powerplant is situated at an altitude of 1000 ft above sea level. Flue gases enter the stack at 285°F 
and leave at 230°F. (a) Find the height of stack, in feet, necessary for a dnving pressure of 0.1 psia if the 
outside air is at 50°F and (h) the change in flue gas flow if the outside air temperature changes to bO^F. 
3-17 A powerplant is situated at sea level. 1650 kg/s of flue gases enter a 5 m-diameter stack at I40°C and 
leave at 1 10°C. The outside air temperature is at 10°C. The slack is designed for a dnving pressure of 
0.(X)7 bar. Using the Carson and Moses correlation, calculate the flue gas plume height if the prevailing 
winds are at 80 km/h 

3-18 A 200-m-high 4-m-dianiieter stack emits 1000 kg/s of lOOT gases into 5T air The prevailing wind 
velocity is 50 km/h The atmosphere is in a condition of neutral stability. Calculate the height of the gas 
plume by two methods. 

3-19 A 200-m-high 4-m-diarneter stack emits I OCX) kg/s of l(X)'’C gases into 5T air The prevailing wind 
velocity is 50 km/h. Using the TV A mcxlel, calculate the height of the gas plumes if the atmosphere is (a) 
unstable where (fT/d: = -0.010 K/m, (6) weakly stable where dT/d: - ().(X)50 KJm, and (c) strongly stable 
'^hcTt dTidz = 3-0.010 K/m. 

3-20 The steam outlet temperature from a superheater may be given by /(°F) == 850 3 25 ^ where L 

= load, percent. That temperature should not be allowed to exceed 10(X)T A spray-type attemperator is 
used to regulate that temperature, using feedwater at 400“F. Calculate (a) the percent load at which the 
attemperator is activated, and ih) the pound mass of water injected per pound mass of steam entering the 
attemperator at half load and at full load Steam pressure is assumed constant at 1(XX) psia 
3-21 A spray attemperator receives 125 kg/s of steam at 80 bar and 540“C. It uses spray water from the 
feedwater line at 200°C. The attemperator exit is at 78 bar and 480°C How much feedwater is used in 
kilograms per second? 

3-22 A superheat reheat Rankine cycle has atiemperators on both the superheater and reheater which are 
of the convective type. Flows in the superheater and reheater arc 1.1 x 10* and I 0 X 10* lb,j'h, resj^cctively. 
The maximum pressure is 1000 psia and the reheaier is placed optimally in the cycle. At 25 percent load 
the exit steam from both is 1000°F As load is increased to 50 percent, these temperatures (without 
atiemperators) would become 1200 and 1150°F. How much water must be added in pounds mass per hour 
in the attemperators to maintain 1000“F exit temperatures in both if water is available at 400“F^ 



CHAPTER 

FOUR _ 

FUELS AND COMBUSTION 


4-1 INTRODUCTION 

In Chap. 3 we covered those components of fossil-fueled steam generators that dealt 
with the working fluid (water and steam) and with the air and flue gases. We deferred 
discussing the fuel aspects because they require independent treatment. There is a 
rather wide variety of fuels. Their preparation and feeding, often outside the steam 
generators, and their methods of firing deserve special attention. 

The increasing worldwide demand for energy has focused attention on fuels, their 
availability (Table 4-1), and environmental effects. The fuels available to utility in¬ 
dustry are largely nuclear and fossil, both essentially nonrenewable. Nuclear fuels 
originated with the universe, and it takes nature millions of years to manufacture fossil 
fuels. 

Fossil fuels originate from the earth as a result of the slow decomposition and 
chemical conversion of organic material. They come in three basic forms; solid (coal), 
liquid (oil), and natural gas. Coal represents the largest fossil-fuel energy resource in 
the world. In the United States today (1983), it is responsible for about 50 percent of 
electric-power generation. Oil and natural gas are responsible for another 30 percent. 
The remaining percentage is mostly due to nuclear and hydraulic generation. Natural 
gas, however, is being phased out of the picture in the United States because it must 
be conserved for essential industrial and domestic uses. 

New combustible-fuel options include the so-called synthetic fuels, or synfuels, 
which are liquids and gases derived largely from coal, oil shale, and tar sands. A tiny 
fraction of fuels used today are industrial by-products, industrial and domestic wastes, 
and biomass. 
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Table 4-1 World energy reserves 


Fuel 

Type 

Energy, Q* 

Fossil 

Coal 

32 


Oil and gas 

6 

Fissile 

Uranium and thorium 

600 

Fusile 

Deutenum 

10 '" 


* 1 Q 10‘* Btu or roughly 10^' J, nol to be confused with a 
quad q = 10 '^ Btu. 


This chapter will cover the combustible fuels available to the utility industry, both 
natural (fossil) and synthetic, and their preparation and firing systems. Nuclear fuels 
and renewable energy sources, and the environmental aspects of power generation in 
general, will be covered later in this text. 


4-2 COAL 

Coal is a general term that encomp^ses a large numJjjpr of solid organic minerals with 
widely differing compositions^d properties^ although all are essentially rich in amor¬ 
phous (without regular structure) elemental carbon. It is found in stratified deposits at 
different and often great depths, although sometimes near the surface. It is estimated 
that in the United States there are 270,(XK) million tons of recoverable reserves (those 
that can be mined economically within the foreseeable future) in 36 of the 50 states. 
This accounts for about 30 percent of the world’s total. 

There ^e many ways of classifying coal according to its chemical and physical 
properties. The most accepted system is the one used by the American Society for 
Toting anTMaterials (ASTM), which classifies coals by grade or^rank according to 
the degree of metamorphism (change in form and structure under the influences of 
heat, pressure, and water), ranging from the lowest state, lignite, to the highest, 
anlfii-acite TASTM D 388). these classifications are briefly descnbed below in a de¬ 
scending order. 

Anthracite This is the highest grade of coal. It cotains a high content, 86 to 98 mass 
percent, of fixed carbon (the carbon content in the elemental state) on a dry, mineral- 
matter-free basis and a low content of volatile matter, less than 2 to 14 mass percent 
(chiefly methane, CH 4 ). Anthracite is a shiny black, dense, hard, brittle coal that 
borders on graphite* at the upper end of fixed carbon. It is slow-burning and has a 
heating value just below that of the highest for bituminous coal (see below). Its use 

._j3raphite is a moderately soft allotropic form of carbon. Carbon crystallizes perfectly into diamond, 
imperfectly into graphite, and is amorphous (having no regular structure, noncrystalline) in anthracite and 
charcoal. 
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in Steam generators is largely confined to burning on stokers, and rarely in pulverized 
form. In the United States it is mostly found in Pennsylvania. 

The anthracite rank of coal is subdivided into three groups. In descending order 
of fixed-carbon percent, they are meta-anthracite, greater than 98 percent; anthracite, 
92 to 98 percent; and semianthracite, 86 to 92 percent. 

Bituminous coal The largest group, bituminous coal is a broad class of coals con¬ 
taining 46 to 86 mass percent of fixed carbon and 20 to 40 percent of volatile matter 
of more complex content than that found in anthracite. It derives its name from bitumen, 
an asphaltic residue obtained in the distillation of some fuels j Bi tuminous coals range 
in heating value from 11,000 to more than 14,000 Btu/lb^ (about 25,600 to 32,6(X) 
kJ/kg). Bltumii^s coals usuallj^ buni^asily, especially in pulverized form.-} 

The bituminous ranlc is subdivided into five groups: low-volatile, medium-volatile, 
and high-volatile ^ B, and C. The lower the volatility, the higher the heating value. 
Tlie low-volatility group is grayish black and granular in structure, while the high- 
volatility groups are homogeneous or laminar. 

Subbituminous coaJ This is a class of coal with generally lower heating values than 
bituminous coal, between 8300 to 11,500 Btu/lb^ (about 19,300 to 26,750 kJ/kg). It 
is relatively high in inherent moisture content, as much as 15 to 30 percent, but often 
low in sulfur content. It is brownish black or black and mostly homogeneous in 
structure. Subbituminous coals are usually burned in pulverized form. The subbitu¬ 
minous rank is divided into three groups: A, B, and C. 

Lignite The lowest grade of coal, lignite derives its name from the Latin lignum, 
which means “wood.” It is brown and laminar in structure, and remnants of wood 
fiber are often visible in it. It originates mostly from resin-rich plants and is therefore 
high in both inherent moisture, as high as 30 percent, and volatile matter. Its heating 
value ranges between less than 6300 to 8300 Btu/lb^ (about 14,650 to 19,3(X) kJ/kg). 
Because of the high moisture content and low heating value, lignite it is not economical 
to transport over long distances and it is usually burned by utilities at the mine site. 
The lignite rank is subdivided into two groups: A and B. 

Peat Peat is not an ASTM rank of coal. It is, however, considered the first geological 
step in coal’s formation. Peat is a heterogeneous material consisting of decomposed 
plant matter and inorganic minerals. It contains up to 90 percent moisture. Although 
not attractive as a utility fuel, it is abundant in many parts of the world. Several states 
in the United States have large deposits. Because of its abundance, it is used in a few 
countries (Ireland, Finland, the USSR) in some electric generating plants and in district 
heating. 


4-3 COAL ANALYSIS 

There are two types of coal analysis: proximate and ultimate, both done on a mass- 
nercenf Rntfi nf i-k» KocaH <-kr*- on ^-.r. noAfiil 
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for combustion calculations; a moisture-free basis, which avoids variations of the 
moisture content even in the same shipment and certainly in the different stages of 
pulverization; and a dry mineral-matter-free basis, which circumvents the problem of 
the ash content’s not being the same as the mineral matter in the coal. 

Proximate Analysis 

This is the easier of two types of coal analysis and the one which supplies readily 
meaningful inlormation for coal’s use in steam generators. The basic method for 
proximate analysis is given by ANSl/ASTM* Standards D 3172. It (Jetermines the 
mass percentages of fixed carbon, yolafile matter, moisture, and ash. Sulfur is obtained 
in a separate determination. 

Fixed carbon is the elemental carbon that exists in coal. In proximate analysis, 
its determination is approximated by assuming it to be the difference between the 
original sample and the sum of volatile matter, moisture, and ash. 

The volatile matter is that portion of coal, other than water vapor, which is driven 
off theKiUTiple is iieated in the absence of oxygejiin a standard test (up to 1750°F 
for 7 min). It consists of hydrocarbon and other gases that result from distillation and 
decomposition. 

Moisture is determined by a standard procedure of drying in an oven. This does 
not account for all the water present, which includes combined water and water of 
hydration. There are several other terms for moisture in coal. One, inherent moisture, 
IS that existing in the natural state of coal and considered to be part of the deposit, 
excluding surface water. 

As h is the iryorganic salts contained_in coal. It is determined in practice a§ the 
noncombustible residue after the combustion of dried coal in a standard test (at 1380°F). 

Sulfurjs determined separately in a standard test, given by ANSFASTM Standards 
D 2492. B eing c ombustible, it contributes to the heating value of the coal. It forms 
oxides which combine with water to form acids. These cause corrosion problems in 
the back eniLDf steam generators if the gases ^e cooled below the dew p oint, as wdl 
as environmental problepis (Chap. 17). 

Ultimate Analysis 

A more scientific test than proximate analysis, ultimate analysis gives the mass per¬ 
centages of the chemical elements that constitute the coal. These include carbon, 
hydrogen, nitrogen, oxygen, and sulfur. Asla-i^ dctermwed as a whole, sometimes in 
a separate analysis. Ultimate analysis is given by ASTM Standards D 3176. 

Heating Value 

The heating value, Btu/lb,„ or J/kg of fuel, may be determined on as-received, dry, 
or dry-and-ash-free basis. It is the heat transferred when the product! of complete 


* American National Standards Institute/American Society for Testing and Materials. 
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combustion of_a sample of coal or other fupl are cooled to the initial temperature of 
alr^md fuel. It is determined in a standard test in a bomb calorimeter given by ASTM 
Standards D 2015. There are two determinations; the higher (or gross) heatjjig-value 
(HHV) assumes that the water vapor in the products condenses and thus includes the 
latent heat of vaporization of the water vapor in the products; the lower heating value 
(LHV) does not. The difference between the two is given by 

LHV = HHV - m^hf, (4-la) 

LHV = HHV - (4-1^) 

mass of water vapor in products of 
combustion per unit mass of fuel (due 
to the combustion of H 2 in the fuel, 
i.e., not including initial H 2 O in fuel) 

mass of original hydrogen per unit mass 
of fuel, known from ultimate analysis 

latent heat of vaporization of water 
vapor at its partial pressure in the 
combustion products, Btu/lb^ H 2 O or 
J/kg H 2 O 

The partial pressure of water vapor in the products of combustion is obtained by 
multiplying the mole faction of H 2 O in the products, which is obtained from the 
combustion equation in the usual manner, by the total pressure of the products. The 
9 in Eq. i4-\b) is the ratio of the molecular masses of H 2 O and H 2 and represents the 
mass of H 2 O vapor obtained from a unit mass of H 2 - 

Because gases are not usually cooled down below the dew point in steam generators 
(or engines), it does not seem fair to charge them with the higher heating value in 
calculating energy balances and efficiencies of cycles or engines. Some, however, 
argue that they should be charged with the total energy content of the fuel. A uniform 
standard had to be agreed upon, whereupon everybody uses the HHV in energy balances 
and efficiency calculations. (The LHV is the standard used in European practice, 
however.) 

As indicated above, heating values are obtained by testing. However, a formula 
of the Dulong type (which does not include the effects of dissociation) is used to give 
approximate higher heating values of anthracite and bituminous coals in Btu/lb^. 


or 

where m^ — 


"iH: = 

^fn ~ 


HHV = 14,600C + 62,000 



+ 4050S 


(4-2) 


where C, H, O, and S are the mass fractions of carbon, hydrogen, oxygen, and sulfur, 
respectively, in the coal. For lower-rank fuels, the above formula usually underesti¬ 
mates the HHV. 

Table 4-2 gives the proximate and ultimate analyses of some typical U.S. coals. 

Calculations of heating value for fuels of known composition will be covered in 
Sec. 4-14. 
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Table 4-2 Proximate and ultimate analyses of some U.S. coals 


Analysis, 
mass percent 

Anthracite 

Bituminous, 

medium 

volatility 

Subbituminous 

Lignite 



Proximate 



Fixed carbon 

83.8 

70.0 

45.9 

30.8 

Volatile matter 

5.7 

20.5 

30.5 

28.2 

Moisture 

2.5 

3.3 

19.6 

34.8 

Ash 

8.0 

6.2 

4.0 

6.2 



Ultimate 



C 

83.9 

80.7 

58.8 

42.4 

H: 

2.9 

4.5 

3.8 

2.8 

S 

0.7 

1.8 

0.3 

0.7 

O 2 

0.7 

2.4 

12.2 

12.4 

N 2 

1.3 

11 

1.3 

0.7 

H 2 O 

2.5 

3.3 

19.6 

34.8 



HHV 



Btu/lb„, 

13,720 

14,310 

10,130 

7,210 


Example 4-1 Write the complete combustion equation, calculate the HHV and 
LHV, Btu/lb^, of the medium volatility subbituminous coal in Table 4-2 by using 
the Dulong-type formula and find the dew point, °F. Assume stoichiometric, i.e. 
chemically correct, combustion air, Total pressure = 1 atm. 


Solution 


HHV = 14,600 


X 0.807 -f 62,OOof 0.045 - 


(10?A\ 
8 ) 


+ 4050 X 0.018 


= 11,782 + 2976 -f 73 = 14,831 Btu/lb„. 

Note that the actual value, 14,310, is slightly lower by about 3.5 percent because 
dissociation and other effects are not taken into account by the Dulong-type 
formula. 

The relative mole fractions of the fuel constituents from the ultimate analysis 
are obtained by dividing the mass fractions by their molecular masses. The equiv¬ 
alent molecule of the coal, therefore, is 


or 0.725C + 2.250H2 + 0.05625S -f 0.07502 + 0.03929N2 O.I 833 H 2 O 


A hydrogen balance gives 2 . 25 OH 2 O from the H 2 in the fuel + O.I 833 H 2 O 
originally in the fuel = 2.4333H20 in the products. 

A sulfur balance gives 0.05625S02 in the products. 
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An oxygen balance thus requires 0.725 + (2.250/2) -(- 0.05625 = 1.9062502 
for combustion, but only 1.90625 - 0.075 originally in the fuel = 1.8312502 
from the atmosphere. 

A nitrogen balance (the atmosphere contains 3.76 mol N 2 per mol O 2 ) gives 
3.76 X 1.83125 = 6. 8855 N 2 from the atmosphere -I- 0.03929 onginally in the 
fuel = 6 . 92479 N 2 in the products. 

The complete combustion equation, therefore, is 

(0.725C + 2 . 25 OH 2 + 0.05625S + 0.0750. + 0.03929N2 + O.I 833 H 2 O) 

+ 1.8312502 + 6.8855N2-> 0.725CO2 + 2.4333H20 + 0.05625S02 

+ 6.92479N2 


The latent heat of vaporization, necessary for the calculation of the LHV, is 
due to the partial pressure of the H 2 O that was formed in the combustion process 
only, because the moisture originally in the fuel receives and gives off the same 
heat upon vaporization and condensation. The partial pressure of the combustion 
H 2 O is equal to its mole fraction in the products 


_ 2.250 _ 

0.725 2.4333 + 0.05625 + 6.92479 


14.696 = 3.705 psia 


From the steam tables, at 3.705 psia (by interpolation) is 1008.6 Btu/lb^. 
Using Eq. (4-1/?) 

LHV = 14,831 - 9 X 0.045 x 1(X)8.6 - 14,422.5 Btu/lb^ 

Note that the differences between HHV and LHV for coals are small (less 
than 3 percent in the above example) because of their low H 2 content. This is not 
the case with liquid or gaseous hydrocarbons, which contain a large portion of 
hydrogen in the C-H molecules. 

The dew point of the products is the saturation temperature corresponding to 
the partial pressure of the total H 2 O in the products, or 


_ 2.4333 _ 

0.725 + 2.4333 + 0.05625 -h 6.92479 


14.696 = 3.5268 psia 


This corresf)onds to a saturation temperature of about 148“F, which is the dew 
point. 

There will be more discussion of heating value in Sec. 4-14. 


4-4 COAL FIRING 

Since the old days of feeding coal into a furnace by hand, several major advances 
have been made that permit increasingly higher rates of combustion. 

The earliest in the history of steam boilers were mechanical stokers, and several 
types are still being used for small- and medium-sized boilers. All such stokers are 
designed to continuously feed coal into the furnace by moving it on a grate within the 
furnace and also to remove ash from the furnace. 



Fineness, percent passmg 
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U S. Standard Sieve Designation 
200 100 

270 140 6050 4030 20 14 10 6 4 



Figure 4-1 Coal sieve analysis. (>1) pulvenzed-coal sample; (B) coal range for cyclone firing; (C) coal as 
fired. Plot based on graphical system proposed in Ref. 26 


Puherized-coal firing was introduced in the 1920s and represented a major increase 
in combustion rates over mechanical stokers. It is widely used today. To prepare the 
coal for use in pulverized firing, it is crushed and then ground to such a fipc powder 
thaLapproximately 70 percent of it will pass a 200-mesh^ieve* (Fig. 4-1). It is suiUble 
for a wide variety of coal, particularly the higher-grade ones. Advantages of pulverized- 
coal firing ^e the ability to use ^ size cojl; good variable-load response; a lower 
requir eme nt forjxcej;s air for combustion, resulting jn lower fan power c^sumption, 

lower carbon_loss; higher corabjustionjemperatures and im^rove^^^ emaency; 

loweFoperation and maintenance costs]^ and lhej)ossibility of design for multiple 
cofnbustion (oil, gas^ ind coal). 


* There are some seven screen, or sieve, standards m the Umted States and Europe. T^e one us^ 
the U S. Standard Sieve, in which the number of openings per linear inch designates the ^sh. A 
mesh screen has 100 openings to the inch, or 10,000 openings per square inch. c ^8 er e ’ 
finer the screen. The dLeter of the wire determines the of*mng size. The U S. Standanl Sieve mesh and 
opening size in inches and millimeters are given below. 


Wesh 20 30 40 


50 60 


100 


,40 200 325 400 


10331 1.0234 0.0165 0.0117 0 0098 

'"Jn 0.840 0.595 0.420 0.297 0.250 


0 0059 0.0041 0.0029 0.0017 0.0015 
0.149 0.105 0.074 0.044 0.037 
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In the late 1930s cyclone-furnace firing was introduced and became the third major 
advance in coal firing. It is now also widely used though for a lesser variety of uses 
th an is p ulverized coal. In addition to those advantages already mentioned for-pul- 
ve rize d-coal firing^_cyclone firing provi des several other advantages. These are the 
oby^ious savings in pulverizing equipment because coal need only be crushed, reduction 
in furnace size, and reduction in fly ash content of the flue gases. Co^ size for cyclone- 
furnace firing is accomplished in a simple crusher and covers a wide band, with 
approximately 95 percent of it passing a 4-mesh sieve (Fig. 4-1). 

Most Kctnily, fluidized-bed combustion has been introduced. In this type of firing, 
crushed particles of coal are injected into the fluidized bed so that they spread across 
an air distribution grid. The combustion air, blown through the grid, has an upward 
velocity sufficient to cause the coal particles to become fluidized, i.e., held in sus¬ 
pension as they bum. Unbumed carbon leaving the bed is collected in a cyclone 
separator and returned back to the bed for another go at combustion. The main ad¬ 
vantage of fluidized-bed combustion is the ability to desulfurize the fuel during com¬ 
bustion in order to meet air quality standards for sulfur dioxide emissions. (Other 
methods are the use of low-sulfur coal, desulfurization of coal before it is burned, and 
removal of SO 2 from the flue gases by the use of scrubbers, Chap. 17.) Desulfurization 
is accomplished by the addition of limestone directly to the bed. Fluidized-bed com¬ 
bustion is still undergoing development and has other attractive features (Sec. 4-8). 


4-5 MECHANICAL STOKERS 

Almost all kinds of coal can be fired on stokers. Stoker firing, however, is the least 
efficient of all types of firing except hand firing. Partly because of the low efficiency, 
stoker firing is limited to relatively low capacities, usually for boilers producing less 
than 400,000 lb,„/h (50 kg/s) of steam, though designers are limiting stoker use to 
around 100,000 Ib^/h (12.6 kg/s). These capacities are the result of the practical 
limitations of stoker physical sizes and relatively low burning rates which require a 
large furnace width for a given steam output. Pulverized and cyclone firing, on the 
other hand, have higher burning rates and are flexible enough in design to meet the 
millions of pounds per hour of steam requirements of modem steam generators with 
narrower and higher furnaces. Stokers, however, remain an important part of steam- 
generator systems in their size range. 

Mechanical stokers are usually classified into four major groups, depending upon 
the method of introducing the coal into the furnace. These are spreader stokers, 
underfed stokers, vibrating-grate stokers, and traveling-grate stokers. 

The spreader stoker is the most widely used for steam capacities of 75,0(X) to 
400,000 Ibv'h (9.5 to 50 kg/s). It can bum a wide variety of coals from high-rank 
bituminous to lignite and even some by-product waste fuels such as wood wastes, 
pulpwood, bark, and others and is responsive to rapid load changes. In the spreader 
stoker coal is fed from a hopper to a number of feeder-distributor units, each of which 
has a reciprocating feed plate that transports the coal from the hopper over an adjustable 
spill plate to an overthrow rotor equipped with curved blades. There are a number of 
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such feeder-distributor mechanisms that inject the coal into the furnace in a wide 
uniform projectile over the stoker grate (Fig. 4-2). Air is pnmarily fed upward through 
the grate from an air plenum below it. This is called undergrate air. The finer coal 
particles, between 25 and 50 percent of the injected coal, are supported by the upward 
airflow and are burned while in suspension. The larger ones fall to the grate and bum 
in a relatively thin layer. Some air, called overfire air, is blown into the furnace just 
above the coal projectile. Forced-draft fans are used for both undergrate and overfire 
air. The unit has equipment for collecting and reinjecting dust and controls for coal 
flow and airflow to suit load demand on the steam generator. 

The problem with stationary spreader stokers was the removal of ash, which was 
first done manually and then by shutting off individual sections of grates and their air 
supply for ash removal without affecting other sections of the stoker. The spreader 
stoker became widely accepted only after the introduction of the continuous-ash- 
discharge traveling-grate stoker in the late 1930s. Traveling-grate stokers, as a class, 
also include the so-called chain-grate stoker. They have grates, links, or keys joined 
in an endless belt that is driven by a motorized sprocket drive at one end and over an 
idle shaft sprocket mechanism at the other. Coal may be injected in the above manner 
or fed directly from a hopper onto the moving grate through an adjustable gate that 
regulates the thickness of the coal layer. Ash is discharged into an ash pit at either 
end, depending u|X)n the direction of motion of the traveling grate. 

Continuous-cleaning grates that use reciprocating or vibrating designs have also 
been developed, as have underfeed stokers that are suitable for burning special types 
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4-2 A traveling-grate spreader stoker with front ash discharge. (Courtesy Babcock and Wilcox.) 
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of coals. The continuous-ash-removal traveling-grate stoker, however, has high burning 
rates and remains the preferred type of stoker. 

Ignition of the fresh coal in stokers, as well as its combustible volatile matter, 
driven off by distillation, is started by radiation heat transfer from the burning gases 
above. The fuel bed continues to bum and grows thinner as the stoker travels to the 
far end over the bend, where ash is discharged to the ash pit. Arches are sometimes 
built into the furnace to improve combustion by reflecting heat onto the coal bed. 


4-6 PULVERIZED-COAL FIRING 

The commercial development of methods for firing coal in pulverized form is a land¬ 
mark in the history of steam generation. It made possible the construction of large, 
efficient, and reliable steam generators and powerplants. The concept of firing “pow¬ 
dered” coal, as it was called in earlier times, dates back to Carnot [7], whose idea 
envisaged its use for the Carnot cycle; to Diesel, who used it in his first experiments 
on the engine that now bears his name |27); to Thomas Edison, who improved its 
firing in cement kilns, thus improving their efficiency and production; and to many 
others. It was not, however, until the pioneenng efforts of John Anderson and his 
associates and the forerunner of the present Wisconsin Electric Power Company that 
pulverized coal was used successfully in electric generating powerplants at their Oneida 
Street and Lakeside Stations, Milwaukee, Wisconsin [28]. 

The impetus for the early work on coal pulverization steipmed from the belief 
that, if coal weje made fine enough, it would bum as ea&.ily and efficiently as a gas. 
Further inducements came from an increase in oil prices and the wide availability of 
coal; which makes the present situation sound rather like history repealing itself. Much 
theoretical work on the mechanism of pulverized-coal combustion began in the early 
1920s [29,30]. The mechanism of crushing and pulverizing has not been well under¬ 
stood theoretically and remains a matter of controversy even today. Probably the most 
accepted law is one published in 1867 in Germany, called Rittinger’s law , t hat states 
that the work needed to reduce a rnaleriafof a given size to a smaller size is proportional 
to_the surface area of the reduced size. This, and other laws, however, do not t^e 
intg_account many of the processes involved in coal pulverizatixin, andjnuch^of the 
progress in^^eloping pulverized-coal furnaces relies heavily on empirical correlations 
^InS^esigns. ~ 

' To bum pulverized coal successfully in a furnace, two requirements must be met: 
(^the existence of large quantities of very fine particles of coal, usually those that 
would pass a 200-mesh screen, to ensure ready ignition because of their large surface- 
to-volume ratios and^^2>^e existence of a minimum quantity of coarser particles to 
ensure high combustion efficiency. These larger coarse particles should contain a very 
small amount larger than a given size, usually that which would be retained on a 50- 
mesh screen, because they cause slagging and loss of combustion efficiency. Line A 
in Fig. 4-1 represents a typical range for pulverized coal. It shows about 80 percent 
of the coal passing a 200-mesh screen that corresponds to a 0.074-mm opening and 
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about ^.99 percent passing a 50-niesh screen that corresponds to a0.297-mm opening, 
i.e., only 0.1 percent larger than 0.297 mm. 

Tlie size of bituminous coal that is shipped as it comes from the mine, called run- 
of-mine coal, is about 8 in. Oversized lumps are broken up but the coal is not screened. 
Other sizes are given names like lump (5 in), which is used in hand firing and domestic 
applications, egg (5x2 in), nut (2 x \\ m), stoker (U x J in), and slack (J x 0 
in, meaning } in or less). [Anthracite coal has similar designations, ranging from 
l^roken (4| X 3 in) to buckwheat (ili x A in) and rice (A x A m), ASTM D 310]. 

Coal is usually delivered to a plant site already sized to meet the feed size required 
by the pulverizing mill or the cyclone furnace (Sec. 4-7). If the coal is too large, 
however, it must go through crushers, which are part of the plant coal-handling system 
and are usually located in a crusher house at a convenient transfer point in the coal- 
conveyor system. The feed size required in pulverizing mills is designated at U X 0 
in; that required for cyclone furnaces is J x 0 in. 

Crushers 

Although there are several types of commercially available coal crushers, a few stand 
out for particular uses. To prepare coal for pulverization, the ring crusher, or gran¬ 
ulator, (Fig. 4-3) and the hammermill (Fig. 4-4) are preferred. The coal is fed at the 
top and is crushed by the action of rings that pivot off center on a rotor or by swinging 
hammers attached to it. Adjustable screen bars determine the maximum size of the 
discharged coal. Wood and other foreign material is also crushed, but a trap is usually 
provided to collect tramp iron (metal and other hard-to-crush matter.) Ring crushers 
and hammermills are used off or on plant site. They reduce run-of-mine coals down 
to sizes such as i x 0 in. Thus they discharge a large amount of fines suitable for 



4-3 A ring-type coal crusher. (Courtesy Babcock and Wilcox.) 
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further pulverization, but not for cyclone-furnace firing. For the latter, a crusher type 
called the reversible hammermill is preferred. 

A third type, the Bradford breaker (Fig. 4-5), is used for large-capacity work. It 
is composed of a large cylinder consisting of perforated steel or screen plates to which 
lifting shelves are attached on the inside. The cylinder rotating slowly at about 20 
r/min receives feed at one end. The shelves lift the coal, and the breaking action is 
accomplished by the repeated dropping of the coal until its size permits it to be 
discharged through the perforations, whose size determines the size of the discharged 
coal. The quantity of fines is limited because the crushing force, due to gravity, is 
not large. Bradford breakers easily reject foreign matter and produce relatively uniform 
size coals. They are usually used at the mine but may also be used at the plant. 

Other simple devices called roll crushers, which have single or double rolls or 
rotors equipped with teeth, have been used but have not proven very satisfactory 
because of their inability to produce coal of uniform size. 



Figure 4-5 A Bradford breaker. {Courtesy Combustion En¬ 
gineering, Inc.) 
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Pulverizers 

The pulverizing process is composed of several stages. The first is the feeding system, 
which must automatically control the fuel-feed rate according to the boiler demand 
and the air rates required for drying (below) and transporting pulverized fuel to the 
burner (primary air). The next stage is drying. One important property of coal being 
prepared for pulverization* is that it be dry and dusty. Because coals have varying 
quantities of moisture and in order that lower-rank coals can be used, dryers are an 
integral part of pulverizing equipment. Part of the air from the steam-generator air 
preheater, the primary air, is forced into the pulverizer at 650°F or more by the primary- 
air fan. There it is mixed with the coal as it is being circulated and ground. 

The heart of the equipment is the pulverizer, also called grinding mill. Grinding 
is accomplished by impact, attrition, crushing, or combinations of these. There are 
several commonly used pulverizers, classified by speed: (1) low-speed (below 75 
r/min): the ball-tube mill; (2) medium-speed (75 to 225 r/min): the ball-and-race and 
roll-and-race mill; and (3) high-speed (above 225 r/min): the impact or hammermill, 
and the attrition mill. 

The low-speed ball-tube mill, one of the oldest on the market, is basically a hollow 
cylinder with conical ends and heavy-cast wear-resistant liners, less than half-filled 
with forged steel balls of mixed size. Pulverization is accomplished by attrition and 
impact as the balls and coal ascend and fall with cylinder rotation. Primary air is 
circulated over the charge to carry the pulverized coal to classifiers (below). The 
balltube mill is dependable and requires low maintenance, but it is larger and heavier 
in construction, consumes more power than others, and because of poor air circulation, 
works less efficiently with wet coals. It has now been replaced with more efficient 
types. 

The medium-speed ball-and-race and roll-and race pulverizers are the type in 
most use nowadays. They operate on the principles of crushing and attrition. Pulver¬ 
ization takes place between two surfaces, one rolling on top of the other. The rolling 
elements may be balls or ring-shaped rolls that roll between two races, in the manner 
of a ball bearing. Figure 4-6 shows an example of the former. The balls are between 
a top stationary race or ring and a rotating bottom ring, which is driven by the vertical 
shaft of the pulverizer. Primary air causes coal feed to circulate between the grinding 
elements, and when it becomes fine enough, it becomes suspended in the air and is 
earned to the classifier. Grinding pressure is varied for the most efficient grinding of 
various coals by externally adjustable springs on top of the stationary ring. The ball- 
and-race pulverizer has ball circle diameters varying between 17 and 76 in and ca¬ 
pacities between li to 20 tons/h. The roll-and-race pulverizer is operated at lower 
speeds and larger sizes. A typical one has an 89-in ball circle diameter, a 12-ft diameter, 
and a 22.5-ft height overall, weighs 150 tons, and is driven by a 7CK)-hp motor [12]. 
Both types are suitable for direct-firing systems (see below). 

High-speed pulverizers use hammer beaters that revolve in a chamber equipped 
'^ith high-wear-resistant liners. They are mostly used with low-rank coals with high- 
nioisture content and use flue gas for drying. They are not widely used for pulverized 
coal systems. 
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Figure 4-6 A single-row ball-and-race coal pulverizer. (Courtesy Babcock and Wilcox.) 


The classifier referred to above is located at the pulverizer exit. It is usually a 
cyclone with adjustable inlet vanes. The classifier separates oversized coal and returns 
it to the grinders to maintain the proper fineness for the particular application and coal 
used. Adjustment is obtained by varying the gas-suspension velocity in the classifier 
by adjusting the inlet vanes. 

The Pulverized-Coal System 

A total pulverized-coal system comprises pulverizing, delivery, and burning equip- 
menl. It must be capable of both continuous operation and rapid change as required 
by load demands. There are two main systems; the bin or storage system and the 
direct-firing system. 

The bin system is essentially a batch system by which the pulverized coal is 
prepared away from the furnace and the resulting pulverized-coal-primary-air mixture 
goes to a cyclone separator 2 uid fabric bag filter that separate and exhaust the moisture- 
laden air to the atmosphere and discharge the pulverized coal to storage bins (Fig. 4- 
7). From there, the coal is pneumatically conveyed through pipelines to utilization 
bins near the furnace for use as required. The bin system was widely used before 
pulverizing equipment became reliable enough for continuous steady operation. Be- 
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Figure 4-7 Pulverizcd-coal bin system. (Courtesy Babcock and Wilcox.) 


cause of the many stages of drying, storing, transporting, etc., the bin system is subject 
to fire hazards. Nevertheless, it is still in use in many older plants. It has, however, 
given way to the direct-finng system, which is used exclusively in modem plants. 

Compared with the bin system the direct-firing system has greater simplicity and 
hence greater safety, lower space requirements, lower capital and operating costs, and 
greater plant cleanliness. As its name implies, it continuously processes the coal from 
the storage receiving bunker through a feeder, pulverizer, and primary-air fan, to the 
furnace burners (Fig. 4-8). (Another version of this system, less used, places the fan 
on the outlet side of the pulverizer.) Fuel flow is suited to load demand by a combination 
of controls on the feeder and on the primary-air fan in order to give air-fuel ratios 
suitable for the various steam-generator loads. The control operating range on any one 
direct-firing pulverizer system is only about 3 to 1. Large steam generators are provided 
with more than one pulverizer system, each feeding a number of burners, so that a 
wide control range is possible by varying the number of pulverizers and the load on 
each. 

Burners A pulverized-coal burner is not too dissimilar to an oil burner. The latter 
rnust atomize the liquid fuel to give a large surface-to-volume ratio of fuel for proper 
interaction with the combustion air. A pulverized-coal burner already receives dried 
pulverized coal in suspension in the primary air and mixes it with the main combustion 
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Fif^re 4-8 Pulverized-coal direct-firing system. (Courtesy Babcock and Wilcox.) 


air from the steam-generator air preheater. The surface-to-volume ratio of pulverized 
coal or fineness requirements vary, though not too greatly, from coal to coal (the 
higher the fixed carbon, the finer the coal). For example, pulverized coal with 80 
percent passing a 200-mesh screen and 99.5 percent passing a 50-mesh screen possesses 
a surface area of approximately 1500 cm^/g with more than 97 percent of that surface 
aye^ passing the 200-mesh screen. 

The fuel burners may be arranged in one of two configurations. In the first, 
individual burners, usually arranged horizontally from one or opposite walls, are 
independent of each other and provide separate flame envelopes. In the second, the 
burners are arranged so that the fuel and air injected by them interact and produce a 
single flame envelope. In this configuration the burners arc such that fuel and air are 
injected from the four comers of the furnace along lines that are tangents to an imaginary 
horizontal circle within the furnace, thus causing a rotative motion and intensive mixing 
and a flame envelope that fills the furnace area. Vertical firing is also used but is more 
complex and used only for hard-to-ignite fuels. 

The burners themselves can be used to bum pulverized coal only (Fig. 4-9) or all 
three primary fuels, i.e., pulverized coal, oil, or gas (Fig. 4-10). In Fig. 4-9, the coal 
impeller promotes the mixing of fuel with the primary air and the tangential doors 
built into the windbox provide turbulence of the main combustion, or secondary, air 
to help mix it with the fuel-primary-air mixture leaving the impeller. The total air- 
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Figure 4-9 A pulverized-coal burner. (Courtesy Babcock and Wilcox.) 
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4-10 Multifiiel burners for pulverized coal, oil, and gas. (Courtesy Babcock and Wilcox.) 
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Table 4-3 Excess air required by some fuel systems 


Fuel 

System 

Excess air, % 

Coal; 

Pulverized, completely water-cooled furnace 

15-20 


Pulverized, partially water-cooled furnace 

15-40 


Spreader stoker 

30-60 


Chain grate and traveling stoker 

15-50 


Crushed, cyclone furnace 

10-15 

Fuel oil; 

Oil burners 

5-10 


Multifuel burners 

10-20 

Gas; 

Gas burners 

5-10 


Multifuel burners 

7-12 


fuel ratio is greater than stoichrometric (chemically correct) but just enough to ensure 
complete combustion without wasting energy by adding too much sensible heat to the 
air. Table 4-3 gives the range of excess air, percent of theoretical, necessary for good 
combustion of some fuels. 

Initial ignition of the burners is accomplished in a variety of ways including a 
light-fuel oil jet, itself spark-ignited (Fig. 4-9). This igniter is usually energized long 
enough to ensure a self-sustaining flame. The control equipment ranges from manual 
to a remotely operated programmed sequence. The igniters may be kept only for 
seconds in the case of fuel oil or gas. In the case of pulverized coal, however, they 
are usually kept much longer, sometimes for hours, until the combustion-zone tem¬ 
perature is high enough to ensure a self-sustaining flame. It may also be necessary to 
activate the igniter at very light loads, especially for coals of low volatility. The 
impeller is the part of the burner that is subject to severe maintenance problems and 
is usually replaced once a year or so. 


4-7 CYCLONE FURNACES 

Cyclone-furnace finng, developed in the 1940s, represents the most significant step 
in coal firing since the introduction of pulverized-coal firing in the 1920s. It is now 
widely used to bum poorer grades of coal that contain a high ash content with a 
minimum of 6 percent to as high as 25 percent, and a high volatile matter, more than 
15 percent, to obtain the necessary high rates of combustion. A wide range of moisture 
is allowable with predrying. One limitation is that ash should not contain a high sulfur 
content or a high Fe 203 /(Ca 0 + MgO) ratio. Such a coal has a tendency to form high 
ash-fusion temperature materials such as iron and iron sulfide in the slag, which negates 
the main advantage of cyclone firing. 

The main advantage is the removal of much of the ash, about 60 percent, as 
molten slag that is collected on the cyclone walls by centrifugal action and drained 
off the bottom to a slag-disintegrating tank below. Thus only 40 percent ash leaves 
with the flue gases, compared with about 80 percent for pulverized-coal firing. This 
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materially reduces erosion and fouling of steam-generator surfaces as well as the size 
of dust-removal precipitators or bag houses (Chap. 17) at steam-generator exit. Other 
advantages are that only crushed coal is used and no pulverization equipment is needed 
and that the boiler size is reduced. Cyclone-furnace firing uses a range of coal sizes 
averaging 95 percent passing a 4-mesh screen (region B, Fig. 4-1). 

The disadvantages are higher forced-draft fan pressures and therefore higher power 
requirements, the inability to use the coals mentioned above, and the formation of 
relatively more oxides of nitrogen, NO^, which are air pollutants, in the combustion 
process. 

The cyclone is essentially a water-cooled horizontal cylinder (Fig. 4-11) located 
outside the main boiler furnace, in which the crushed coal is fed and fired with very 
high rates of heat release. Combustion of the coal is completed before the resulting 
hot gases enter the boiler furnace. The crushed coal is fed into the cyclone burner at 
left along with primary air, which is about 20 percent of combustion or secondary air. 
The primary air enters the burner tangentially, thus imparting a centrifugal motion to 
the coal. The secondary air is also admitted tangentially at the top of the cyclone at 
high speed, imparting further centrifugal motion. A small quantity of air, called tertiary 
air, is admitted at the center. 

Tlie whirling motion of air and coal results in large heat-release-rate volumetric 
densities, between 450,000 and 800,000 Btu/(h * ft^) (about 4700 to 8300 kW/m^), 
and high combustion temperatures, more than 3000T (1650°C). These high temper¬ 
atures melt the ash into a liquid slag that covers the surface of the cyclone and eventually 
drains through the slag-tap opening to a slag tank at the bottom of the boiler furnace, 
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Figure 4-11 A cyclone furnace. (Courtesy Babcock and Wilcox.) 
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where it is solidified and broken for removal. The slag layer that forms on the walls 
of the cyclone provides insulation against too much heat loss through the walls and 
contributes to the efficiency of cyclone firing. The high temperatures also explain the 
large production of NO, in the gaseous combustion products. These gases leave the 
cyclone through the throat at right and enter the mam boiler furnace. Thus combustion 
takes place in the relatively small cyclone, and the main boiler lumace has the sole 
function of heat transfer from the gases to the water-tube walls. Cyclone furnaces arc 
also suitable for fuel-oil and gaseous-fuel firing. 

Initial ignition is done by small retractable oil or gas burners in the secondary air 
ports. 

Like pulvenzed-coal systems, cyclone firing systems can be of the bin, or storage, 
or direct-firing types, though the bin type is more widely used, especially for most 
bituminous coals, than in the case of pulverized coal. The cyclone system uses either 
one-wall, or opposed-wall, finng, the latter being preferred for large steam generators. 
The size and number of cyclones per boiler depend upon the boiler size and the desired 
load response because the usual load range for good performance ol any one cyclone 
is from 50 to KX) percent of its rated capacity. Cyclones vary in size from 6 to 10 It 
in diameter with heat inputs between 160 to 425 million Btu/h (about 47,0(X) to 125,(KX) 
kW), respectively [12]. 

The cyclone component requiring the most maintenance is the burner, which is 
subjected to erosion by the high velocity of the coal. Erosion is minimized by the use 
of tungsten carbide and other erosion-resistant materials (or the burner liners, which 
are usually replaced once a year or so. 


4-8 FLUIDIZED-BED COMBUSTION 

We have already noted various attempts at reducing pollutants in the fiue gas of 
powerplant steam generators. The most common are the postcombustion processes 
that utilize such devices as electrostatic precipitators and baghouscs for particulate 
matter and scrubbers for sulfur dioxide (Chap. 17). Others are processes concurrent 
with combustion such as cyclone-furnace combustion, in which much of the ash, and 
hence the particulate matter, is removed during the combustion process. Others, still, 
are precombustion processes in which “clean” gaseous or liquid fuels, produced from 
coal by gasification or liquefaction and free of sulfur and ash, are used as steam- 
generator fuels (Sec. 4-11). 

Fluidized-bed combustion is of the concurrent type. It differs from the cyclone 
furnace in that sulfur is removed during the combustion process. In addition, fluidized- 
bed combustion occurs at lower temperatures, resulting in lower production of NO, 
as well as the avoidance of slagging problems with some coals. 

The fluidized-bed combustor has been under development since the 1950s with 
the aim of perfecting the process and comparing its reliability and economy with SO. 
postcombustion scrubbing. Fluidized beds have been in use for many decades in 
chemical-industry applications where intimate mixing and contact between reactant.s 
are desired. Such contact in a fluidized turbulent state increases heat and mass transfer 
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and reduces time of reaction, plant size, and power requirement. Ruidized beds have 
even been proposed for use in nuciear-power reactors [1,3J. When used for coal, 
;luidized-bed combustion results in high combustion efficiency and low combustion 
temperatures. 

Fluidization 

\ fluidized bed is one that contains solid particles which are in intimate contact with 
a fluid passing through at a velocity sufficiently high to cause the particles to separate 
and become freely supported by the fluid (Fig. 4-12). A fixed bed, on the other hand, 
is one in which the velocity of the fluid is too slow to cause fluidization. The minimum 
fluid velocity necessary for fluidization may be calculated by equating the drag force 
on a particle due to the motion of the fluid to the weight of the particle. Thus 

Ci>A,Pf^ = VpA (4-3) 

2gc gr 

where Co = drag coefficient, a function of the particle 

shape and the Reynolds number, dimensionless 

A,. = cross-sectional area of the particle = for 
a spherical particle, ft^ or 



figure 4-12 Schematic of a fluidized bed; (a) particles in collapsed state, (ft) particles in fluidized stale. 
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r = radius of the particle, if considered spherical, ft or m 
Pf = density of the fluid, lb;„/ft^ or kg/m^ 

V, = velocity of the fluid, ft/h or m/s 


V 

Ps 

g 

gc 


volume of the particle = - Tir^f spherical, 
ft'orm' 

density of the solid particle, lb,„/ft^ or kg/m^ 

gravitational acceleration, ft/h^ or m/s^ 

conversion factor, 4.17 x 10^ lb^ft/(lb/ ■ h^) or 
1 kg/(N ■ s^) 


For a spherical particle, Eq. (4-3) yields 


V3 = 



(4-4) 


The total pressure drop AP, Ib/ft^ or Pa, in a fluidized bed is composed of three 
components 


^P = AP, + AP, -K 


(4-5) 


where 


AP„ = pressure drop due to friction at the wall 

AP, = pressure drop due to static weight of 
solids in bed 

= pressure drop due to static weight (or 
hydrostatic head) of fluid in bed 


Fluidized beds usually have large wall diameters, so AP,^ is relatively small. The 
fluid in a fluidized-bed combustor varies in a complex manner from air to hot gaseous 
combustion products. Their average density is much smaller than that of the solids, 
and AP;r, therefore, is also relatively small. Equation (4-5) thus reduces to 

AP = = H(l - a)p,- (4-6) 

gc 

where // = height of bed in fluidized state, ft or m 

a = average porosity or void fraction of bed in fluidized state 
= fraction not occupied by solids, dimensionless 
The value of a is obtained from 


1 - g ^ ^ 

1 - a. H 


(4-7) 
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where = height of the bed in the collapsed state, i.e., 

when all solids are randomly packed at bottom 

and oLo = porosity in the collapsed state; the value of a„ 

ol a bed of spheres of equal diameter, randomly 
packed is very nearly equal to 0.40 [31] but 
lower for spheres of different diameters 

In fluidized-bed combustion, crushed coal, between 1/4 and 3/4 in maximum (6 
to 20 mm), is injected into the bed just above an air-distribution grid in the bottom 
of the bed (Fig. 4-13). The air flows upwards through the grid from the air plenum 
into the bed, which now becomes the furnace where combustion of the swirling mixture 
takes place, The products of combustion leaving the bed contain a large proportion of 
unbumcd carbon particles that are collected in a cyclone separator, which separates 
these particles from the gas by imparting a centrifugal acceleration on the mixture. 
They are then returned back to the fluidized bed to complete their combustion. The 
boiler water tubes are located in the furnace. 

As indicated previously, the most important advantage of fluidized-bed combustion 
is the concurrent removal of the sulfur dioxide that results normally from the combustion 
of the sulfur content of the coal. Desulfurization is accomplished by the addition of 
limestone directly to the bed together with the crushed coal. Limestone is a sedimentary 
rock composed mostly of calcium carbonate (CaCOi) and sometimes some magnesium 
carbonate (MgCO^). Limestone absorbs the sulfur dioxide with the help of some oxygen 
from the excess air, according to 

CaCO, + SO: -f CaS 04 + CO: (4-8) 

The rate of this reaction is maximum at bed temperatures between 1500 and 1600°F 
(815 to 870°C), though a practical range of operation of fluidized beds of 1380 to 
1740°F (750 to 950°C) is common. 

The calcium sulfate CaS 04 produced in this process is a dry waste product that 
is either regenerated or disposed of. Technical problems for handling this calcium 
sulfate are under study. Reductions in sulfur dioxide emissions of up to 90 percent 
have been achieved in fluidized-bed pilot plants. 

There are other advantages as a result of the low combustion temperatures of 
fluidized-bed combustors. They allow inferior grades of coal to be used without slag¬ 
ging problems; the carbon and ash carryover in the flue gases does not reach temper¬ 
atures at which they become soft and foul heat transfer surfaces; the low temperature 
combustion results in substantial reductions in the emission of oxides of nitrogen NO,, 
a serious air pollutant; and cheaper alloy materials are possible, resulting in economy 
of construction. 

Another advantage is the absence of pulverization equipment, resulting in further 
economies. Also, a fluidized-bed combustor can be designed to incorporate the boiler 
within the bed, resulting in volumetric heat-transfer rates that are 10 to 15 times higher 
and surface heat-transfer rates that are 2 to 3 times higher than a conventional boiler. 
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Figure 4-13 Schematic ot a tluidiz.ed bcd-combuslion steam generator. (Couriesy Comhusiion Engineering 
Inc.) 


A fluidized-bed steam generator is therefore much more compact than a conventional 
one of the same capacity. 

In addition, reductions in sulfur dioxide (and trioxide) in the flue gas means that 
lower stack-gas temperatures can be tolerated because less acid is formed as a result 
of the condensation of water vapor. Lower stack-gas temperatures result in an increase 
in overall plant efficiency. 

The problems facing the development of fluidized-bed combustors include those 
that are associated with feeding the coal and limestone into the bed, the control of 
carbon carryover with the flue gases, the regeneration or disposal of calcium sulfate, 
the quenching of combustion by the cooler water tubes within the bed, and variable- 
load operation. 

Fluidized-bed combustors may be used with either a conventional steam power- 
plant (Rankine cycle) or a combined gas-steam powerplant (Brayton-Rankine) cycle 
(Sec. 8-6). In the conventional powerplant application, the bed can be of the atmos¬ 
pheric, or pressurized, type. Atmospheric beds utilize both forced- and induced-draft 
fans. Pressurized beds use compressors to supply combustion air at pressures of up to 
10 bar, which results in slightly higher heat-transfer rates. Electrostatic precipitators, 
fly-ash removal, air preheaters, and other auxilianes as are found in conventional steam 
generators are used. In the combined gas-steam cycle pressurized beds are used. They 
receive compressed air from the gas-turbine cycle compressor. 

By the end of 1981 more than 20 fluidized-bed-combustion water-tube steam 
generators were contracted for worldwide. Their ratings extended up to 330,000 
Ib^/h (about 42 kg/s) capacity, 2450 psig (about 170 bar), and 10(X)°F (about 540°C) 
steam conditions. They now are considered by some as competitive with conventional 
steam generators with gas scrubbing when high-sulfur coals or waste fuels are burned. 
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4-9 LIQUID FUELS 

Technically, liquid fuels are an excellent energy source. They are easy to handle, 
store, and bum and have nearly constant heating values. They are usually a mixture 
of hydrocarbons that may be represented by the molecule C„H^, where m is a function 
of n that depends upon the “family” of the hydrocarbon. Table 4-4 gives the families 
of hydrocarbons found in crude and refined oils. 

The number of carbon atoms in a hydrocarbon molecule is identified by 


1 meth 

6 hex 

11 undec 

16 hexadec 

21 heneicos 

2 eth 

7 hept 

12 dodec 

17 heptadec 

22 docos 

3 prop 

8 oct 

13 tndec 

18 octadec 

23 tricos 

4 but 

9 non 

14 tetradec 

19 nonadec 

30 iriacont 

5 pent 

10 dec 

15 pentadec 

20 eicos 

100 hect 


and so on. Straight chain molecules are often called normal and are preceded by the 
letter n. Some chain molecules, called isomers of the original molecule, are branched 
and use the prefix iso. Some examples arc; 


H 

I 

1. Methane, CH 4 : H—€—H 

I 

H 


2. n-Octane, CsH IH- 



c 



-c- c-c 



where the H symbol has been dropped for simplicity. 


Table 4-4 Hydrocarbon families in oils 


Family 

General 

formula 

Prefix/ 

suffix 

Structure 

Paraffin* (alkanes) 

. 2 

-ane 

Chain, saturated 

Olefin 


-ene, -yienc 

Chain, unsaturaied, one double b(md 

Diolefin 

2 

-diene 

Chain, unsaturated, two double bonds 

Naphthene* (cycloparaffin) 
Aromatic* 


Cyclo-ane 

Ring, saturated 

Benzene 

C.H2„ 6 


Ring, unsaturated 

Naphthalene 

C.H 2 „ - ,2 


E>ouble ring, unsaturated 


* The primary hydrocarbons found in crude oil 
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3. Isooctane, CgHig; 


—C— 


I 


—c— 


c 


The latter molecule is also called 2-2-4-trimethyl pentane because it has the alkyl 
(C„H 2 n + i) methyl radical (CH 3 ) attached to the numbers 2, 2, and 4 carbon atoms 
on a pentane base. It still has the formula CgHiH- This hydrocarbon, because of its 
structure, is hard to “break” and resists detonation in a gasoline engine. It is this 
isooctane, rather than normal octane, that is used as a standard with a scale of 100 
for detonation-resistant gasoline fuels. Other examples are: 

4 . Butadiene, C4H6: 

where the double bonds indicate unsaturation, meaning only one hydrogen atom 
is attached to each of the adjacent carbon atoms. 


5. Cyclopentane, C^Hiq; 


V ! 

c c 

A A 

—c—c- 

\ / 


6 . Benzene, C 6 H 6 : 


>' A 

/C. ^C, 


Crude oil is a mixture of an almost infinite number of hydrocarbons, ranging from 
light gaseous (low n) to heavy (high n) tarlike liquids and waxes of complex molecular 
structure. They average 83 to 87 percent carbon and 11 to 14 percent hydrogen. Crude 
oil also contains varying amounts of sulfur, oxygen, nitrogen, particulates, and water. 
It is refined, fractionally distilled, or cracked into products of narrower range suitable 
for various applications, such as gasoline, aviation fuels, diesel fuel, fuel oil, lubri¬ 
cating oil, etc. 

The fuel most suitable for utility powerplants and industrial uses is fuel oil. It 
comes in various grades, from light to heavy. They are; 

Distillates: No. I, No. 2, and No. 4 

Residual oils: No. 5 (light), No. 5 (heavy), and No. 6 

No. 4 could be either a distillate or a mixture of refinery products. The latter grades 
require preheating for burning and handling. Like coals, oils are classified according 
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Table 4-5 Average characteristics of fuel oils 


Grade 

1 

2 

4 

5 

6 

Analysis, mass % 

C 

86.50 

86.40 

86.10 

85.55 

85.70 


13.20 

12.70 

11.90 

11.70 

10.50 

O 2 and N 2 

0.20 

0.20 

0.48 

0.70 

0.92 

S 

0.10 

0.4-0.7 

0.4-I.5 

2.0 maximum 

2.8 maximum 

Sediment and water 

Trace 

Trace 

0.5 maximum 

1.0 maximum 

2.0 maximum 

Ash 

Trace 

Trace 

0.02 

0.05 

0.08 

Density (60®F) 

Ibjft' 

51.46 

53.98 

57.87 

59.43 

61.50 

IbJU.S. gal 

6.870 

7,206 

7.727 

7.935 

8.212 

Viscosity 

cSt (1(X)°F) 

1.60 

2.68 

15.0 

50.0 

360 

Pour point, °F 

< 0 

<0 

10 

30 

65 

Atomizing 

temperature, °F 

Atm 

Atm 

25 minimum 

130 

200 

Higher heating value 

Btu/lb;„ 

19,940 

19,570 

18,900 

18,650 

18,260 

Btu/U.S. gallon 

137,000 

141,000 

146,000 

148,000 

150,000 


to physical characteristics by an ASTM specification (ASTM Standards D 396), see 
for example Table 4-5. 

Crude oil has been burned in some boilers and gas turbines. However, because 
it contains light fractions, its flash point* is low and presents a fire hazard and thus 
requires special handling procedures. The crude most suitable for direct burning is the 
so-called sweet or low-sulfur crude because it is a low air pollutant. However, it is 
usually reserved for use as refinery feedstock rather than as a fuel. 

In many countries, including the United States, oil is becoming a scarce or valuable 
commodity and often results in extremely high plant fuel costs. In such countries, new 
powerplants are often nuclear or coal-fired. For existing oil-fired plants or where no 
large coal reserves are available, alternatives to straight oil burning are being sought. 
Some of these are described below. 

Emulsion firing An emulsion is a suspension of a finely divided fluid in another, in 
this case water emulsified in heavy oil. Research has shown that, when atomized, the 
drops of such an emulsion undergo microexplosions of the entrained water as they 
enter the hot combustion chamber. This causes additional atomization and increased 
fuel surface-to-volume ratio. In turn, this reduces carbon loss to the combustion pro¬ 
cess, thus reducing soot and preventing deposit buildup on heat-transfer surfaces. It 
also reduces excess air requirements and improves combustion efficiency, thus reducing 

* flash point is the lowest temperature that allows inflammable vapors to be formed. It is found by 
heating the fuel slowly, sweeping a flame across the liquid surface, and noting the temperature at which a 
distinct flash occurs. 
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oil requirements. This reduction, although technically meaningful, is, however, much 
less than needed for oil conservation on a national scale. 

Coal-oil and coal-water mixtures (COM and CWM) The main advantage of COMs 
and CWMs is their ability to reduce or replace oil as fuel in oil-fired utility steam 
generators. They are currently receiving increasing attention as the cost differential 
between coal and oil increases. 

COMs usually contain about 50 percent coal on a heating-value basis. Their main 
attraction is that the technology for producing and burning them exists (the first tests 
on COMs were run as far back as 1880), and several fuel suppliers are offering them 
commercially, though in limited quantities. 

CWMs, preferred by some over COMs because of their greater ability to replace 
oil, are 70 to 80 percent coal, the rest water, plus a fraction of a percent of a stabilizer. 
CWMs are used in the form of a slurry, that is, a relatively fine coal suspended in the 
water. They can thus be handled, stored, transported, and fired like oil. CWMs are 
expected to result in derating of the steam generators. Limited testing of CWMs as 
fuel is taking place in the time being. 


4-10 LIQUID, GAS, AND SOLID BY-PRODUCTS 

Combustible industrial wastes have received increased attention as steam-generator 
fuels, beginning in the decade of the 1970s. So used, they serve the double purpose 
of disposing of them and reducing the use of oil. The liquids include solvents, waste 
oil and oil sludges, oil-water emulsions, polymers, resins, chlorinated hydrocarbons, 
phenols, tars, combustible chemicals, greases, and fats. The obvious main disadvantage 
of such liquids is that they vary considerably in heating value, flash and fire points, 
viscosity, and moisture content. They are not expected to make a big dent in the oil 
picture. 

Gaseous by-products are more attractive, with refinery gas and coke-oven gas the 
most suitable. Refinery gas is generated in the conversion of crude oil to gasoline and 
other refinery products. It has a high heating value and is often blended with lower- 
heating-value gas by-products from the refinery prior to combustion. Coke-oven gas 
results from the manufacture of coke from raw coal in a coke oven where the volatile 
matter is distilled off and the coke-oven gas separated from liquids and solids in the 
volatile matter by cooling and extraction. It consists of about half H 2 , about a third 
methane, and the remainder of various other gases. Its heating value ranges from 400 
to 600 Bxu/fC (14,200 to 21,300 kJ/m^). 

Other less attractive gases include regenerator gas, which is produced in refinery 
catalytic-cracking processes. It includes less than 10 percent CO and high inert gas 
and solids contents, and is low in heating value. Its one redeeming factor is its 
availability from the process at high temf^eratures (more than 10(X)°F, 540°C), so that 
its sensible heat is significant when burned on site. Another, blast-furnace gas, a 
product of iron reduction processes, has a higher CO content (about 30 percent) but 
has a high dust loading that would cause burner plugging and heat-transfer surface 
fouling if burned directly. It thus requires cleaning prior to burning. 
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There are many solid wastes that are available as fuels. The ones that have seen 
most use are wood waste and sugar-cane waste. Both, naturally, are confined in use 
to those industries where they are available as waste products. Wood waste is found 
in sawmills, where it represents some 50 percent of the mass of the logs, and in pulp, 
paper, furniture, plywood, and similar industries. It appears as refuse, bark, sawdust, 
chips, shavings, and slabs. Most woods have about the same chemical composition, 
having a proximate analysis^ of about 70 to 75 percent volatile matter, 25 p)ercent fixed 
carbon, and 0.5 to 5 percent ash on a dry basis, and a heating value ranging between 
8300 to slightly over 90(X) Btu/lb^ (about 19,300 to 21,000 kJ/kg), but they vary in 
density and moisture content. To bum wood efficiently, it must be cut down to chip 
size in a hogger or chipper to permit continuous feeding and should not have a moisture 
content greater than 60 or 65 percent. Wood-burning furnaces bum the wood in piles, 
thin beds on traveling-grate spreader stokers or cyclones. Environmentally, wood bums 
more cleanly than oil or coal. A relatively small 10-MW powerplanl that bums wood 
chips from forest residue has been in operation since 1977 in Burlington, Vermont. 
The city has plans for a 50-MW wood-burning station. Other plants are in Wisconsin, 
Montana, and Oregon. 

Su^ar-cane waste, also called haf>asse. is that portion of sugar cane that remains 
after the sugar is extracted. It consists of matted cellulose fibers and fine particles. Its 
proximate analysis is about 84 percent volatile matter, 12.5 percent fixed carbon, and 
3.5 percent ash on a dr>' basis, but it contains more than 50 percent moisture. To bum 
it, it is shredded to short fibers and fines. It has a heating value of 36(X) to 4200 Btu/ 
Ib^ (about 84CK) to 9770 kJ/kg). Sugar mills generate enough bagasse to satisfy much 
of their demand for cogeneration of both process steam and electricity. Bagasse has 
been burned most successfully in the .so-called Ward furnace, which is a refractory 
furnace that contains individual cells. Piles of bagasse are fed via chutes and bum 
incompletely in the cells, resulting in partially drying the fuel. A secondary furnace 
above the cells completes the combustion. Spreader-stoker furnaces have been recently 
introduced but have not yet proved as simple and reliable as the Ward tumace. Nu¬ 
merous bagasse-fired steam- and electric-generating plants have been in operation at 
sugar mills throughout the world for decades. 

Other solid fuels include food industry by-products, solid wastes, and biomass. 

Solid Wastes 

Solid wastes, or refuse, are generated by industnal and domestic processes (garbage). 
Industrial wastes include paper, wood, metal scraps, and agricultural waste products. 
Domestic wastes include paper, containers, tin, aluminum, food scraps, and sewage. 
In the United States, solid-waste production is at the rate of about 1 metric ton per 
person per year and growing at about 5 percent per year. Most of this waste is currently 
disposed of in land-fill sites near industrial and metropolitan areas. A typical com¬ 
position of municipal waste in the United States is given in Table 4-6. Some of these 
wastes, such as paper, some metals, and woods, can be recycled for reuse. Much of 
it can be burned, since about 50 to 60 percent of it is combustible. Thus there is a 
potential of burning some 100 million tons of refuse each year for heating or generating 
steam for electric powerplants. 
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Table 4-6 Typical composition of municipal 
waste in the United States 


Material 

% 

Material 

% 

Paper 

50.7 

Leather, rubber, plastic 

3.3 

Food 

19.1 

Wood 

2.9 

Metal 

10.0 

Tej^tiles 

2.6 

Glass 

9.7 

Miscellaneous 

1.7 


The heat content of refuse varies widely, sometimes up to 100 percent, but averages 
about half that of coal on a mass basis. Thus the energy potential of refuse is not too 
great, being about 1 percent of the total U.S. needs. The attractive feature, however, 
is getting nd of a good portion of the total refuse by burning it rather than by dumping 
it in land-fill sites that are becoming scarce. Another advantage of refuse as fuel is its 
much lower sulfur content as compared with that of coal or oil. 

The main problems are the wide assortment of constituents, a high moisture 
content, dangers of explosions due to careless volatile-fuel dumping and metal sparks 
during processing, yet-unknown effects on the operation of large powerplants, and of 
course, the wide variations in heat content. Because of the latter problem, a practice 
now receiving wide acceptance is to bum a mixture of solid waste and fossil fuel, 
with the refuse supplying 10 to 20 percent of the required heat input to the boilers. 

Refuse must be carefully prepared for burning. First it is discharged from collecting 
tmcks into a raw-refuse receiving building. It is then shredded in a hammermill and 
conveyed to a storage bin. The head end of the conveyor is equipped with a magnetic 
separator that removes ferrous material which may be sent for recycling. An air- 
classification system removes most of the remaining noncombustibles and heavy par¬ 
ticles that cause abrasion. The costs here are in collecting, transporting, and processing 
the refuse and in the dual-fuel system. 

Refuse burning in incinerators has been a wide practice in many parts of the world. 
One of the first successful refuse-burning electric-generating fX)werplants, in Bern, 
Switzerland, bums about 200 tons/day and produces heated water, steam, and elec¬ 
tricity. Munich, Germany, has a notable installation, and other cities around the world 
are following suit. 

Some attention and research are directed toward the conversion of organic wastes 
to synthetic fuels, such as those produced from coal and biomass (below). These 
processes are largely in the developmental stages. 


4-11 SYNTHETIC FUELS 

Expected future shortages and supply problems of naturally found liquid and gaseous 
fuels, as well as environmental problems that restrict the burning of coals, are re¬ 
sponsible for the large developmental efforts going on around the world toward the 
production of synthetic fuels. Synthetic fuels, also called synfuels, are gaseous and 
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liquid fuels produced largely from coal but also from various wastes and biomass (Sec. 
4-12). This production must, among other things, be economical and environmentally 
acceptable. In this section we shall discuss coal conversion to these two fuels by (1) 
gasification and (2) liquefaction. As indicated earlier, the modem use of the available 
vast resources of coal requires the use of low-sulfur coal, leaving the bulk (about 66 
percent) of it unused, cleaning it prior to combustion (washing, froth floating, micro- 
wave, and magnetic separation), during combustion (fluidized bed), or after combustion 
(precipitators, scmbbers). Some of these methods are as yet commercially unproven, 
and some are costly. 

Synthetic fuels in the form of coal-converted clean gaseous or liquid fuels are 
another alternative. Besides use for steam generation in powerplants, they can be used 
for domestic, industrial, and transportation purposes. 

The basic idea of coal gasification is not new. Gas was manufactured from coal 
around 18()0 when wood and charcoal were growing scarce for smelting of iron, and 
coal was carbonized to coke by removing its volatiles and using them as a by-product 
gas. It had a healing value of 550 to 600 Btu/scf (.standard cubic foot), was distributed 
to urban areas, and was called town gas. Coal liquefaction is more recent, initial 
research having been done in Germany in the 1920s and I93()s. During World War 
11 the Germans and the Japanese, denied access to much of their fuel needs, developed 
several liquefaction processes that ran their entire war machines, including fuel oil, 
lubricants, and motor and aviation fuels. One of the German processes, called the 
Fischer-Tropsch process, is in use commercially in oil-short South Africa today. 

Of course, these operations were and are the result of necessity, in one case need 
in a war economy, in the other political and economic independence. Where such 
circumstances do not exist, the processes involved must be able to compete econom¬ 
ically and environmentally against available fuels or must show potential improvements 
in expected future shortages to be pursued actively. Because prices of natural fossil 
fuels have moderated in the early 1980s, the United States government has withdrawn 
its support from many synthetic-fuel projects. However, it is believed that several such 
fuels will appear in commercial quantities before the end of this century, and certainly 
in the next. 

Coal Gasification 

As stated above, town gas was first produced from coal more than a 100 years ago 
and had a heating value of 550 to 600 Btu/scf. The next step was water gas, similar 
to our present-day synthetic gas in that it is mainly hydrogen and carbon monoxide, 
made at about 1800°F (1000°C) by the action of water vapor on coal. It has a heating 
value of 250 to 325 Btu/scf. This value is increased to 500 to 550 Btu/scf by carburetion 
with oil cracked at a higher temperature. Producer gas obtained from the partial 
combustion of coal, coke, or wood with added water vapor has a heating value of 
only 100 to 180 Btu/scf. It is used locally and is not suitable for distribution because 
distribution costs per Btu are inversely proportional to heating value. It was also used 
in “gasogens” on motor vehicles in some countries during World War II. 

Several coal-gasification processes exist, including three that survived World War 
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11. the German Lurgi, the Koppers-Totzek, and the Wellman-Galusha processes. These 
have now evolved into processes that differ slightly, depending upon the particular 
rank of coal used. 

The basic process involves several steps. First, the coal feedstock is crushed by 
usual methods (Sec. 4-6). If a caking coal,* such as certain bituminous coals, is used, 
the feedstock will have to be pretreated by oxidizing its surface to avoid plugging the 
gasifier. The following step occurs in the gasifier where the coal undergoes chemical 
reaction with a mixture of air and steam or oxygen and steam. The reactions with air 
or oxygen are partial combustion because a rich mixture is used, i.e., one having a 
fuel-to-air ratio greater than chemically correct, or stoichiometric, which also means 
that the oxygen in either case is not sufficient to convert all the carbon to carbon 
dioxide. Coal gasification results in three gas mixtures, classified according to their 
heating value. They are called low-Btu, medium-Btu, and high-Btu gas. These are 
obtained in the following ways. 

Low-Btu gas The feedstock is reacted with a mixture of air and steam. The air may 
be ennched in oxygen (i.e., oxygen-to-nitrogen ratio greater than atmospheric) but 
will be less than stoichiometric. The reactions taking place are 

In air C + O, + S.VbN. ^ CO. + 3.76N2 (4-9) 

CO 2 from this reaction reacts further with additional C in the rich mixture to give 

C + CO 2 + 3.76N2-> 2CO + 3 . 76 N 2 (4-10) 

In steam C + H 2 OCO + H 2 (4-11) 

The result is a gas composed principally of CO, H., N., and some CO2. The N2 may 
be less than shown if the air is oxygen-enriched. The CO 2 appears if the air is increased 
beyond that shown or because of stratification (imperfect mixing) in the gasifier. It 
may also contain small amounts of H2O, CH4, and C2H6. The gas has a heating value 
range of 180 to 350 Btu/scf, depending upon the composition of reactants and resulting 
composition of products. 

Medium-Btu gas The feedstock is burned with a mixture of oxygen (rather than air) 
and steam in the same reactions as given by Eqs. (4-9) to (4-11) but with the nitrogen 
removed. The result is a gas, composed pnncipally of CO and H., that has a heating 
value range of 250 to 500 Btu/scf, again depending upon the composition of reactants 
and resulting products. The increase in heating value is a result of the absence of the 
diluting effect of nitrogen. 

In the literature, the term low -Btu gas is sometimes used to refer to both low- and 
medium-Btu gases. 

The next step in processing low- and medium-Btu gases is quenching to condense 
the tars and heavy oils that come with the feedstock and did not bum. This is followed 
by a purification process in which the hydrogen sulfide in the gas, formed by the 

* A caking coal is one which softens and agglomerates as a result of the application of heat. 
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combination of the sulfur in the coal with hydrogen gas, is converted to elemental 
sulfur by an absorption process* and, simultaneously, a cleaning process in which 
char (solid coal residue, mainly fixed carbon and ash), dust, and ash are removed. 
These processes occur at low temperature with aqueous solutions at 1(X) to 220°F so 
that energy in the form of sensible heat of the product gases is lost to the environment. 


High-Btu gas Purified medium-Btu gas may be converted to a high-Btu gas by two 
additional steps. The first is shift conversion, in which CO from the CO-rich gas is 
saturated with steam and passed through a catalytic reactor thus producing more 
hydrogen and carbon dioxide 

CO + H20^ H. + CO 2 (4-12) 

The ratio of H 2 to CO 2 in the products can be changed by changing the composition 
of the reactants. The CO 2 is removed in a wash plant. 

The next step is that of methanation, which is the production of methane, CH4, 
from the available mixture of CO and H 2 in a catalytic reactor 

3 H 2 + CO-> CH 4 H 2 O (4-13) 

and the H 2 O is removed. High-Btu gas is thus largely methane, with a heating value 
of 950 to KXX) Btu/scl, approaching that of natural gas, which is 950-1100 Btu/sef. 
It has all the characteristics of natural gas but without the sulfur and other pollutants. 

Various methods under development for the production of low- and high-Biu gas 
may be found in the literature [32]. Because the production of high-Btu gas is more 
complex and expensive than low-Btu gas, it is intended for use in lieu of natural gas 
in domestic and industrial applications. Low- and medium-Btu gases are considered 
for use as utility fuels. 

Purified low-Btu gas can be fired directly in a conventional steam generator. It 
has the advantages of being sulfur and ash free, thus eliminating the need for precip¬ 
itators and scrubbers (Chap. 17). The lack of SO 2 in the flue gases also permits lower 
stack temperatures, which results in improved efficiency. In addition, its content ol 
the CO 2 and H 2 O inerts reduces combustion temperatures and hence the formation of 
nitrogen oxides. The disadvantages are the large volumetric rate of flow of the gas 
for a given heat input to the steam generator, the high costs, and the large demand 
for water as a source of steam and hydrogen and for cooling in the coal gasification 
process. 


A Combined-Cycle Powerplant 

An attractive utilization of low-Btu gas for electric generation is as a fuel for a 
combined-cycle piowerplant. Such cycles are covered more fully in Chap. 8 . However, 
a brief description of such a cycle integrated with a coal gasifier is appropnate at this 


* In contrast to removal of SOj from the steam-generator flue gases, the removal of H^S at this stage 
is easier and is accomplished by any of several commercially available and proven proces.ses. 
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time. A combined-cycle is one which uses a gas turbine at the high-temperature end 
and a steam turbine at the low-temperature end. 

Low-Btu gasifiers operate at different pressures and temperatures, depending upon 
the process used. Some operate at high pressures, up to 35 bar, and at exit temperatures 
between 1000 and 2000°F (540 to 11(X)°C). As indicated above, the exit gas must be 
cooled for purification and cleaning. Normally this cooling represents a large loss of 
energy to the environment. A combined cycle (Fig. 4-14) takes advantage of the high 
gasifier pressure, and recovers much of that heat loss by a gas-to-gas heat exchanger. 

In one proposed design [33] the gas leaves the gasifier at 1 at about 1(XX)°F (540°C) 
and 300 psia (20 bar), gives up some of its heat in a regenerative heat exchanger 
leaving at 2, where it is further cooled to 3 by an external heat exchanger to temperatures 
suitable for purification and cleaning from 3 to 4. The gas then recovers the heat it 
gave up in the regenerative heat exchanger leaving it at 5. It then enters a combustion 


1 5 



Figure 4-14 CoaJ gasifier combincd-cycic powerplant [33]. 
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chamber where it mixes with compressed air from the gas turbine-driven compressor 
and leaves at 6 at about 1800°F (980°C). It expands in the gas turbine, leaving it at 
7 at about 965°F (520°C). It then enters a heat-recovery steam generator (HRSG) where 
it generates steam and leaves to the stack at 8 at about 260°F (125°C). 

The gas turbine drives one of two electric generators and the compressor. The 
compressor receives atmospheric air at 9 at about 60°F (15°C) and compresses it to 
about 600°F (315°C). The compressor has a dual role; it supplies combustion air to 
the combustion chamber at 10 and gasifier air at 11. The latter is first cooled in a 
steam-cycle feedwater heater to 12, then boosted by a motor-driven compressor to the 
gasifier pressure at 13. The gasifier is designed to generate its own steam from feedwater 
14. The feedstock 15 reacts there with the steam-air mixture to generate the low-Btu 
gas at 1. 

The steam cycle is fairly standard. Superheated steam at 300 psia (20 bar) and 
9(X)°F (480°C) is generated in the HRSG at 16, expands through a steam turbine that 
drives the second electric generator, and exhausts at 17 to a condenser. The condensate 
at 18 is pumped, 19, to the feedwater heater which receives its heat from the compressed 
gasifier air. No bled turbine steam is used in this design, although that form of feedwater 
heating can be used. The feedwater then enters the HRSG at 20, completing the cycle. 

The above cycle (with irreversibilities taken into account) shows an overall effi¬ 
ciency of 34.3 percent, which compares favorably with modem 2400 psi/1000°F/ 
1(XX)®F conventional steam powerplants with scrubbers. An advanced conceptual de¬ 
sign with gas turbine inlet at 2800T (not yet developed) and 2400 psi/1000°F steam 
shows an efficiency of 43.3 percent [33]. 


Coal Liquefaction 

Coal liquefaction is the conversion of coal into a liquid fuel for direct energy production 
or a liquid substitute for refinery feedstock from which other liquid fuels may be 
obtained. 

Coal-liquefaction technology, first researched in the 1920s and 1930s, was stim¬ 
ulated in both Germany and Japan by World War II. Japan produced aviation gasoline 
in a large plant in North Korea which converted coke from coal to calcium carbide in 
electric furnaces, then to acetylene, acetaldehyde, butyraldehyde, octanol, and finally 
octane. In a plant in Taiwan, the Japanese also used starch from root vegetables which 
they fermented to butanol, which was then converted to butyraldehyde, octanol, and 
octane. The most important German processes were the Bergius, which is no longer 
in use, and the Fischer-Tropsch process, which is still used commercially by the Union 
of South Africa’s SASOL Corporation. South Afnca has no indigenous oil of its own 
but has coal. Thanks to coal liquefaction, it is completely independent of foreign oil. 

Lx)ng, complex hydrocarbon molecular chains have a lower hydrogen-carbon atomic 
ratio than shorter molecules, like that of octane. In coal liquefaction, the long molecules 
are shortened by adding hydrogen. The needed hydrogen is generated, and desulfur¬ 
ization is accomplished, in the same manner as for coal gasification. The Fischer- 
Tropsch process first produces a mixture of CO and H 2 from coal and steam. This is 



158 POWERPLANT TECHNOLOGY 


followed by catalytic reactions at about 300°F (150°C) and 150 bar, which yield a 
range of hydrocarbons from gaseous methane to higher liquid hydrocarbons. These 
are then separated with methane going as pipeline gas and the rest going to different 
liquid fuels. 

Some half-dozen new processes are currently under development [34] in pilot 
plants. Scaling these up to commercial sizes is one of the major problems. Another 
problem, as in coal gasification, is the large demand for water that restricts the use 
of the large western coal reserves in the United States, which are not located near 
large supplies of water. 

OU Shale 

Shale is a fine-grained rock, formed by the hardening of clay, that splits into thin 
layers when broken. Oil shale is not oil-impregnated shale but rather is a shalelike 
rock impregnated with a waxy organic matenal called kerogen, a substance which 
originated from vegetation that degraded over millions of years to oil that got absorbed 
in inorganic matter. Stratification under pressure produced the oil shale. Kerogen can 
be decomposed to yield synthetic crude oil, called syncrude or shale oil, by heating 
in retorts or by underground combustion. One ton of oil shale can produce 25 to 35 
gal (95 to 130 L) of low-sulfur oil by retorting at about 950°F (500°C). This oil makes 
a good refinery feedstock that can be processed further to various useful liquid and 
gaseous fuels, although one low in fuel oil. 

There are vast amounts of oil-shale deposits throughout the world, the largest 
being in the United States in Colorado, Wyoming, and Utah. It is said that the United 
States deposits can, by present technology, produce 50 times as much syncrude as all 
the natural crude produced in the United States to date. The first production was started 
in France around 1840. The only commercial (publicly owned) facilities nowadays 
exist in the Soviet Union and China. 

Several pilot plants have been successfully operated in the United States, although 
commercial operations have run into major economic and practical difficulties, resulting 
in one major cancellation in 1982. Some of the current problems are (1) the large 
demand for water (3 times as much water is needed as oil produced) in the largely 
desert areas where oil shale is found in the United States; (2) environmental concerns 
arising from surface mining; (3) disposal of the spent rock (10 times the mass of the 
syncrude produced), which has increased in volume due to “puffing” upon heating; 
and (4) the large amounts of energy required for mining, transportation, processing, 
and disposal. Doubtless to say, such problems will be less restrictive in future decades 
when the cost and availability problems of natural crude make oil-shale plants com¬ 
petitive. 

Tar Sands 

Another potential and very rich source of oil, but one which is even less attractive 
tiian oil shale, is found in tar sands in such places as Alberta, Canada, about 10 degrees 
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from the arctic circles. Tar sand is a thick, extremely viscous bitumen locked in sands 
and silt to form a sodden, sticky semiplastic material. It is believed that it contains 2 
to 3 times the oil reserves of all the Middle East. Although small pilot plants have 
operated in the inhospitable terrain, the problems of commercial exploitation seem, at 
present, to be insurmountable. 

One last word regarding synthetic fuels; Coal and other conversion plants, while 
they are designed to produce clean sulfur- and ash-free fuels, are not themselves 
pollution free. The plants generate enormous amounts of air pollutants such as CO 2 , 
H 2 S, SO 2 , and NO,; liquid effluents such as phenols, cresols, xylenols, thiocyanates, 
and ammonium sulfides; and solid wastes such as ash, slag, and sludge. In addition, 
carcinogenic compounds in the form of polycyclic aromatic hydrocarbons and amines 
may be produced from coal tars and coal-derived oils. It is obvious that very careful 
disposal schemes must be designed at the plant sites. 


4-12 BIOMASS 

Biomass is organic matter produced by plants, both terrestrial (those grown on land) 
and aquatic (those grown in water) and their derivatives. It includes forest crops and 
residues, crops grown especially for their energy content on “energy farms,” and 
animal manure [351. Unlike coal, oil, and natural gas, which take millions of years 
to form, biomass can be considered a renewable energy source because plant life 
renews and adds to itself every year. It can also be considered a form of solar energy 
as the latter is used indirectly to grow these plants by photosynthesis. 

Biomass includes wood waste and bagasse, which have already been covered 
above, plus other matter. All are highly dispersed and bulky and contain large amounts 
of water (50 to 90 percent). Thus, it is not economical to transport them over long 
distances, and conversion into usable energy must take place close to the source, which 
is limited to particular regions. However, biomass can be converted to liquid or gaseous 
fuels, thereby increasing its energy density and making feasible transportation over 
long distances. 

Terrestrial crops include (1) sugar crops such as sugar cane and sweet sorghum; 
(2) herbaceous crops, which are nonwoody plants that are easily converted into liquid 
or gaseous fuels; and (3) silviculture (forestry) plants such as cultured hybrid poplar, 
sycamore, sweetgum, alder, eucalyptus, and other hardwoods. Current research focuses 
on the screening and idenification of species that are suitable for short-rotation growing 
and on the optimum techniques for planting, fertilization, harvesting, and conversion. 

Animal and human waste arc an indirect terrestrial crop from which methane for 
combustion and ethylene (used in the plastics industry) can be produced while retaining 
the fertilizer value of the manure. 

Aquatic crops are grown in fresh, sea, and brackish waters. Both submerged and 
emergent plants are considered, including seaweeds, marine algae, and of particular 
interest, the giant California kelp. 



160 POWERPLANT TECHNOLOGY 


Biomass Conversion 

Biomass conversion, or simply hioconversion, can take many forms; (1) direct com¬ 
bustion, such as wood waste and bagaase (above), (2) thermochemical conversion, 
and (3) biochemical conversion. 

Thermochemical conversion takes two forms: gasification and liquefaction. Gas¬ 
ification takes place by heating the biomass with limited oxygen to produce low-Btu 
gas or by reacting it with steam and oxygen at high pressure and temperature to produce 
medium-Btu gas. The latter may be used as fuel directly or used in liquefaction by 
converting it to methanol (methyl alcohol CH3OH) or ethanol (ethylalcohol CH3CH2OH), 
or it may be converted to high-Btu gas. 

Biochemical conversion takes two forms: Anaerobic digestion and fermentation. 
Anaerobic digestion involves the microbial digestion of biomass. (An anaerobe is a 
microorganism that can live and grow without air or oxygen. It gets its oxygen by the 
decomposition of matter containing it.) It has already been used on animal manure 
but is also possible with other biomass. The process takes place at low temperatures, 
up to 65°C, and requires a moisture content of at least 80 percent. It generates a gas 
consisting mostly of carbon dioxide and methane with minimal impurities such as 
hydrogen sulfide. The gas can be burned directly or upgraded to synthetic natural gas 
oy removing the CO 2 and the impurities. The residue may consist of protein-rich sludge 
that can be used as animal feed and liquid effluents that are biologically treated by 
standard techniques and returned to the soil. 

Fermentation is the breakdown of complex molecules in organic compounds under 
the influence of a ferment such as yeast, bacteria, enzymes, etc. Fermentation is a 
well-established and widely used technology for the conversion of grains and sugar 
crops into ethanol. Some 60 million gal were produced in the United States in 1979, 
with capacity projected to 500 million gal per year by 1985 by the use of surplus 
grain. It is intended for mixing with gasoline to produce gasohol (90 percent gasoline, 
10 percent ethanol). By the early 1980s the scheme had not met with great success 
because of the high cost and the high energy required in the process. One scheme 
considered for cutting costs of ethanol production by fermentation is in finding less 
expensive grains or sugars and a process that requires less energy. Glucose produced 
by hydrolysis of an abundant carbohydrate polymer called lignocellulose is being 
considered for the former. 

Biomass energy concepts under study are resulting in the cultivation of large 
forests in areas not suitable for food production that may yield 10 to 20 tons/acre per 
year. The energy forest would perhaps be 50 to 200 mi^. The trees are to be harvested 
by automated means, then chipf)ed and pulverized for burning in a powerplant that 
would be located in the middle of the forest. Sycamore is a promising tree that yields 
up to 16 tons/acre per year. All of it is used except the foliage, which contains the 
nutrients and is returned to the soil. A harvested sycamore produces a number of 
sprouts that are themselves ready for harvesting in 2 to 3 years. Thus no replanting 
and little fertilization are necessary. It is estimated that an energy farm 350 mi^ in 
area could produce 400 MW of electricity. The electricity costs are uncertain at this 
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time and the possibilities dep)end upon the costs from other sources, such as oil or 
coal. 

Other schemes envision aquatic farms growing algae, tropical grasses, floating 
kelp, water hyacinth (one of the most pernicious weeds in the world, one that shelters 
disease-carrying organisms, causes floods, disrupts hydroelectric plants, and interferes 
with traffic on major waterways such as the Nile and the Congo), and others. In 
controlled environments they could yield several hundred tons/acre year. One inter¬ 
esting idea is to use hot condenser cooling water to grow algae in large quantities or 
increase the yield of other crops. 

Finally, while the efficiency of solar energy use in the growth of crops, the 
photosynthesis efficiency, is rather low, about 3-5%, means of increasing it to 10-11% 
are under study. 


4-13 THE HEAT OF COMBUSTION 

In Chap. 1 we treated the first law of thermodynamics from a mechanical engineering 
point of view, ignoring such energy terms as chemical, electrical, and magnetic. When 
dealing with combustion systems, we can no longer ignore the chemical energy in the 
fluid. 

The Open System 

The first law equation for the steady-state steady-flow system (SSSF) Eq. (l-l^/) will 
now be written but for a chemically reactive system (Fig. 4-15), with changes in kinetic 
and potential energies ignored, as 

+ AC = H,, + AW,f (4-14) 

where and Hj, are the enthalpies of the reactants and products, respectively, eval¬ 
uated for their constituents at their respective pressures and temperatures; AC is the 
net heat added to the system from the surroundings (which is usually negative because 
in combustion heat is usually rejected to the surroundings); and AWsi is the net work 
done by the system, if any. 



Figure 4-15 A steady-state steady-flow chemically reactive system 
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Because the reactants and products are usually composed of several constituents 
each, Eq. (4-14) is written in the form 

2 imh) ^ ^Q = 1 (mh) + (4-15) 

R P 

where m is the mass and h the specific enthalpy of each constituent. To define the 
enthalpy, consider the complete combustion of ethane in oxygen 

C.H,, + 3.502^ ICOj + 3 H 2 O (4-16) 

The enthalpies of the various reactants and products are those that start at the 
same datum of composition and temperature, in this case the elemental substances and 
the datum temperature commonly chosen as 25°C (77°F). For example, C 2 H 6 is formed 
from elemental carbon C and hydrogen H 2 , CO 2 from C and O 2 , and so on. These 
are exothermic reactions that, when they begin at 25°C and are cooled back to 25°C 
after the reaction takes place, yield 1211.3 and 3846.7 Btu/lb^ of product, respectively. 
In other words, in steady flow at 25°C, the formation reactions are 

2C + 3 H 2 — C 2 H, + 1211.38 Btu/lb^ C 2 H, 
and C F O 2 — CO 2 + 3846.7 Btu/lb^ CO 2 


Table 4-7 Enthalpies of formation /i/at 25°C (77°F) and 1 atm pressure* 


Substance 

Formula 

M 

State 


hf 

Btu/lb„ 

kJ/kg 

Carbon 

C 

12.011 

.solid 

0 

0 

Oxygen 

0: 

32.(XX) 

gas 

0 

0 

Hydrogen 

H 2 

2.016 

gas 

0 

0 

Nitrogen 

N: 

28.016 

gas 

0 

0 

Sulfur 

S 

32.060 

solid 

0 

0 

Carbon monoxide 

CO 

28.011 

ga.s 

- 1697.6 

-3948.3 

Carbon dioxide 

C02 

44.011 

gas 

-3846.7 

-8946.8 

Water 

H 20 

18.016 

liquid 

-6825.7 

- 15,875.5 




vapor 

-5774.6 

- 13,430.8 

Methane 

CH4 

16.043 

gas 

-2007.8 

-4669.8 

Ethane 

C2H^ 

30.070 

gas 

- 1211.3 

-2817.3 

Propane 

C.H, 

44.097 

gas 

- 1013.1 

-2356.3 

Butane 

C 4 H,o 

58.124 

gas 

-933.7 

-2171,6 

Octane 

ChH.h 

114.230 

liquid 

-941.4 

-2189.5 




vapor 

- 785.1 

- 1826.0 

Nitric oxide 

NO 

30.008 

gas 

- 1298.8 

-3020.8 

Nitrogen dioxide 

NO2 

46.008 

gas 

-315.3 

-733.3 

Sulfur dioxide 

SO2 

64.060 

gas 

- 1992 

-4632.8 


Based on data fmm Ref. 36. 
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The quantities 1211.3 and 3846.7 leave the system and hence are negative. They are 
given the name enthalpies of formation, hf. Table 4-7 gives values of hf for various 
substances at 25‘'C. Note that the elemental substances, C, O., etc., have zero en¬ 
thalpies of formation. Also note that if the combustion equation involves a liquid, 
such as octane, or water there will be two enthalpies of formation, depending upon 
whether they start or end the reaction in a liquid or a vaponzed state 

At temperatures other than the datum of 25°C, the enthalpies of formation must 
include the sensible heat that is a product of the temperature difference and the 

specific heat at constant pressure which varies with temperature (Sec. 1-2). Table 4- 
8 gives values of the enthalpies of formation of several substances as a function of 
temperature. 

Because chemical equations, such as Eq. (4-16), are balanced in terms of moles 
and not masses, and because m = nM, Eq. (4-15) is now written in the form 

linMhf) AQ ^ linMhf) + AW,, (4-17) 

R r 

where n and M are the number of moles and molecular mass of each constituent, 
respectively. 


Table 4-8 Enthalpies of formation hy at different temperatures and 1 
atm pressure, Btu/lb„^t 


Temperature, K 

n 

p 

CO 

H.O 

O; 

H: 

N. 

298 

-3846.7 

- 1697.6 

- 5774.6 

0 

0 

0 

400 

-3807.5 

- 1651.9 

- 5692.2 

40.7 

631 4 

52.8 

500 

-3765,4 

- 1606.5 

-5609.4 

81.8 

1255.5 

90.8 

600 

-3720.4 

- 1560.2 

- 5524.0 

124.3 

1880.4 

136 5 

700 

-3673.1 

- 1513 0 

- 5435 9 

168.1 

2506.9 

183.3 

800 

- 3623.7 

- 1464.5 

- 5345 -0 

213.0 

3137.4 

231.0 

900 

-.3572.6 

- 1415.0 

- 5251.1 

258.8 

3773.3 

279,8 

1000 

-3520.2 

- 1364 5 

-5154.3 

305.3 

4414.2 

329 5 

1100 

-3466.5 

- 1313 1 

-5054.3 

352.5 

5062,5 

380.2 

1200 

-3411.9 

- 1261 0 

-4951 4 

400.2 

5717.8 

431.6 

1300 

-3356.4 

- 1208 2 

-4845.7 

448.4 

6381.9 

483.7 

1400 

-3300.2 

-1154.8 

-4737.2 

497,0 

7055 6 

536.5 

1500 

-3243.4 

- 1100.9 

-4626.2 

546.0 

7739.1 

590.8 

1600 

-3186.1 

- 1046.6 

-4512,8 

595.3 

84.34.0 

643.5 

1700 

-3128.3 

- 992 0 

- 4397.1 

646.0 

9136,4 

697 6 

1800 

- 3070.1 

- 937.0 

-4279.6 

694 9 

9848.2 

752.2 

1900 

-3011.6 

- 881.7 

-4160.1 

745.3 

10568 

807.0 

2000 

-2952.8 

- 826.1 

-4038.9 

795.9 

11296 

862.1 

2100 

-2893.6 

- 770.3 

-3916 1 

846.8 

12031 

917.5 

2200 

-2834.2 

- 714.3 

-3791.8 

929.3 

12774 

973 1 

2300 

-2774.6 

- 658.2 

-3666 2 

949.6 

13523 

1028,9 

2400 

-2713.1 

- 601.8 

-3539.4 

1001.5 

14279 

1084,9 

2500 

-2654.9 

- 545.3 

-3411.5 

1053.7 

15043 

1141.1 


* To convert to kJ/kg multiply by 2.32584. 
t Based on data from [36], 
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Example 4-2 Find the useful heat generated by the combustion of 1 Ib^ and 1 
scf (standard cubic foot) of ethane in a furnace in a 20 percent deficient air if the 
reactants are at 25°C and the products at 1500 K. Assume that hydrogen, being 
more reactive than carbon, satisfies itself first with the oxygen it needs and bums 
completely to H 2 O. Five percent of the heat of combustion is lost to the furnace 
exterior. 


Solution The stoichiometric equation for ethane in air is 

C2H6 -f 3.5O2 + 13 . 16 N 2 -^ 2CO2 + 3H2O + I3.I6N2 

(where there are 3.76 mol N 2 /moI O 2 in atmospheric air, thus 13.16 = 3.5 x 
3.76). With 20 percent deficient air multiply the O 2 and N 2 mol by 0.8. H 2 will 
bum completely to H 2 O and C will bum partially to CO 2 and partially to CO: 

C 2 H 6 -f 2 . 8 O 2 + IO. 528 N 2 ^/C02 + bCO + 3 H 2 O + IO. 528 N 2 

Carbon balance; a b = 2 

Oxygen balance; ^2 + ^-f^ = 2.8 


Thus a — 0.6, h = 1.4, and the combustion equation is 

C 2 H 6 + 2 . 8 O 2 + IO. 528 N 2 -► O. 6 CO 2 + 1.4CO 3 H 2 O -f- IO. 528 N 2 

As there is no work done in a furnace, Eq. (4-17) is written as 

~ ^(^i^f^/)i500K ~ ^(nMhf)2yc 
p ff 


I(nA//i^),5ooK = 0.6 X 44.011 x -3243.4 + 1.4 x 28.011 x -1100.9 

p 


^{nMHj)2yc 

R 


+ 3 X 18.016 X -4626.2 -h 10.528 x 28.016 x +590.8 
-85647.2 + -43172.2 + -250036.9 + -174257.9 
-204,598.4 Btu/(lb mol C 2 H 6 ) 

-1211.3 + 0 + 0 = - 1211.3 Btu/(lb mol C.H^) 


Thus AQ 


-204,598.4 

-203,387.1 

30.070 


- 1211.3 = -203387.1 Btu/(lb-mol C 2 HJ 
-6763.8 Btu/lb^ C.H^ 


= -6763.8 X 2.32584 = - 15731.5 kJ/kg C.H^ 
= 0.95 X -6763.8 = -6425.6 Btu/lb^ C 2 Hf, 


- 14,944.9kJ/kg C2H 
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A standard cubic foot is obtained at I atm and 60°F. Since CjHs is a gas, its 
density at these conditions is obtained from PV = mRT 

m P 14.696 X 144 

^ ~ V ~ RT~ (1545/30.70) x (60 + 460) " 

Thus = -6425.6 x 0.0792 = -508.9 Btu/scf 


The Closed System 

Combustion equations for fuels burning in a closed system, such as a cylinder or 
bomb, may be obtained by writing the first-law equation for the closed system. Thus, 
by analogy with Eq. (4-14) 

^ ^Q = Ur -f AVV,, (4-18) 

when AWnf is the nonflow work. For gases 

H ^ U ^ PV U ^ nRJ 

where /?„ is the universal gas constant. Thus combustion calculations for a closed 
system may be carried out using the enthalpies in Tables 4-6 and 4-7 by modifying 
Eq. 4-18 to 

- nRJD + AQ = 'linMh, - nR,J) AW„, (4-19) 

R p 

4-14 HEATING VALUES 

We have repeatedly used the term heating value in this chapter to indicate the useful 
energy content of different fuels. Actually there is more than one heating value for 
each fuel and these should be carefully differentiated. We have already explained the 
difference between the higher heating value (HHV) and the lower heating value (LHV). 
The former is the heat released when water vapor in the products due to the combustion 
of hydrogen in the fuel condenses, the latter when it stays in the vapor state (Sec. 4- 
3). Heating values are commonly tabulated in the literature as the heat released when 
complete combustion begins at a standard temperature, such as 77°F or 25 C, and the 
products are cooled to the same temperature, in a steady-flow adiabatic system without 
work. Thus it can be calculated from Eq. (4-17) by putting AWsf = 0 and replacing 
by HV for heating value 

HV = [linMhj) - (lnMhj)]r, (4-20) 

F R 

where T, represents the standard temperature. 

The heating value given by Eq. (4-18) is for an open system and is thus sometimes 
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called the enthalpy of combustion. It depends upon 7’,; upon whether the water vapor 
formed in combustion condenses (in which case it is the HHV), or not (in which it is 
the LHV); and upon whether the reactant fuels were in a liquid or vapor state, as it 
takes a certain amount of energy to vaporize a liquid fuel such as octane. 


Example 4-3 Find the higher and lower heating values of ethane at 25°C (77°F). 


Solution Using Eqs. (4-16) and (4-20) and Table 4-6, HHV is calculated by 
assuming that H 2 O in the products has condensed. 


l(nMhj) 2 yc = 2 X 44.011 x -3846.7 + 3 x 18.016 x -6825.7 

p 

= -707,509.6 Btu/(lb’mol C.H^) 
l{nMhf) 2 yc = 1 X 30.070 X - 1211.3 + 3.5 x 32.00 x 0 

R 


= -36.423.8 Btu/(lb-mol C.H^,) 


Thus HHV = -707,509.6 


-36,4238 = -671,085.8 Btu/(lb mol C 2 H,) 


-671,085.5 

30.070 


-22,317.5 Biu/\K C 2 H 6 


= -22,317.5 X 2.32584 = -51,906.8 U/kg C 2 H 6 


LHV is calculated by using hf = -5774.6 Btu/lb^ for H 2 O vapor instead of 

-6825.7 Btu/lb,„ for H 2 O liquid, resulting in 

LHV = -614,276.0 Btu/(lb mol C 2 H^,) 

= -20,428.2 Btu/lb^ = -47,512.7 kJ/kg 

Note that in calculating the heating values, writing the complete combustion 
equation in oxygen alone suffices because the addition of nitrogen on both sides of 
the equation with hf the same at 7i (0 at 25°C) does not alter the results. Note also 
that the same results are obtained with stoichiometric and lean mixtures (excess oxygen 
or air), so long as complete combustion (C to CO 2 , H 2 to H 2 O, etc.) is assured. 

Heating values for complex fuels such as coal and gas mixtures are obtained by 
writing the stoichiometric equation for the fuel and following a similar procedure as 
above. 

Heating values for a closed system are obtained by modifying Eq. (4-19) to 
HV,f = l{nMhf - nRJ) - l(nMhf - nR,T) 

P R 

and since the temperature of the products is brought back to that of the reactants T 1 
HV„f = HV - (np - nj,)RJ, (4-21) 
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where = nonflow, a closed system heating value 

HV = heating value as defined for a steady-flow system 
rif, and = total number of moles of products and reactants, resp>ectively 

HVnf is sometimes called the internal energy of combustion. Needless to say, 
there are as many HV^fS as there are HVs; that is, they both depend upon fi, whether 
the water vapor formed in the combustion process condenses or not, so there are HHVnf 
and LHVnf, and whether fuels begin the reaction in a liquid or vapor state. 

In the literature, heating values of different fuels are usually listed for an open 
system and for a given fi, which unfortunately varies from source to source. For 
example, 60°F and 77°F (25°C) are used, though the numerical differences between 
them are fairly small. 


4-15 COMBUSTION TEMPERATURES 

If the heat of combustion or a portion of it is kept in the gases, it will have the effect 
of increasing their enthalpy (internal energy in a closed system) and hence their 
temperature. The high temperature is then normally used to effect heat transfer from 
the gases to the heat-transfer surfaces (water tubes, superheaters, and reheaters in a 
steam generator) by radiation and/or convection. The same basic first-law equation 
used to calculate heats of combustion and heating values of fuels can be used to 
calculate combustion temperatures. 

Example 4-4 A low-Btu gas from a coal-gasification plant has the following 
volumetric analysis: CO 22.9 percent, H 2 10 percent, CO 2 4.4 percent, N 2 62.7 
percent. It enters the furnace at 1 atm and 800 K and bums in 100 percent air at 
25°C in a steady-flow combustion process during which it loses 10.72 Btu/ft^ at 
inlet conditions to the surroundings. Find the temjjerature of the products. 

Solution Recalling that volumetric and molal analyses are equal for gases, the 
stoichiometric combustion equation (for 100 percent air) is 

/ 0.x00\_ 

0.229CO + O.IOOH 2 + O.O 44 CO 2 + 0.627N2 + (0.229 + jOi 

+ (^0.229 + 3 . 76 N 2 (0.229 + 0,044)C02 + O.lOOHjO 

+ (^0.229 + ^^^3.76 + 0.627jN2 

or (0.229CO + O.IOOHj + 0.044C02 + O. 627 N 2 ) + 0.27902 + 1.049N2 
^ O. 273 CO 2 + O.IOOH 2 O + 1.676N2 
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UvSing Eq. (4-17) 

'l{nMhf)T2 = '^(nMhf) + 

P R 


Using PV = nR,J, 1 mol of gas, between parentheses in the combustion equation 
above, occupies 


1545 (8(X) X 1,8) 
~ P ~ 14.696 X 144 


1051.3 fU 


Thus Ae = -10.7 X 1051.3 = 11,270 Btu/mol gas. 

'l(nMhf) are figured at 800 K for the fuel and 25°C for the air. Thus 

R 


linMhf) = 0.229 x 28.011 X -1464.5 + 0.100 x 2.016 X 3137.4 

R 

+ 0.044 X 44.011 X -3623.7 T 0.627 x 28.016 x 231.0 
+ 0 4- 0 = -11,721 Btu/(lb'mol fuel) 

Therefore 

l(nMh^) = -11,721 - 11,270 = -22,991 Btu/(lb mol fuel) 

p 

It is now necessary to solve the problem by finding a value for the combustion 
temperature that results in a 'L{nMhf) of -22,991 Btu/(lb mol fuel). This value 

p 

is found by trial and error to be 1400 K. To confirm 

I(nA//z/^),40(, K = 0.273 X 44.011 X -3300.2 + 0.1 X 18.016 X -4737.2 

p 

+ 1.676 X 28.016 x 536.5 = -22,995 Btu/(lb mol fuel) 
Thus the combustion temperature is 1400 K = 1127°C = 2520°R = 2060°F. 


The Adiabatic-Combustion Temperature 

It can be seen from Example 4-4 that a lean mixture, e.g., 120 percent combustion 
air, would yield a lower combustion temperature because of the dilution effect of the 
excess air. A rich mixture would also yield a lower temperature because of incomplete 
combustion. 

A fuel burning with no heat exchange with the surroundings and no work done 
will result in the adiabatic-combustion or adiabatic-flame temperature. It is greater if 
the fuel is burned in oxygen than in air because of the dilution effect of nitrogen and 
greater for a stoichiometric than either a lean or rich mixture because, as above, a 
lean mixture has a dilution effect, whereas a rich mixture results in incomplete com¬ 
bustion. 



FUELS AND COMBUSTION 169 


At the adiabatic-flame temperature, = 0 and 

l(nMh) = l.(nMh) (4-22) 

P R 

Example 4-5 A desulfurized coal has a moisture-ash-free ultimate analysis of C 
81.1 percent, H 2 4.4 percent, O 2 2.7 percent, N 2 1.8 percent on a mass basis. It 
bums in 120 percent air. The reactants were at 25°C. Find the adiabatic-flame 
temperature. 

Solution The relative number of moles of each constituent is found by dividing 
Its mass percent by its molecular mass M Thus the molal composition of the coal 
would be 


0.811 0.044 0.027 0.018 

-C -H 2 -O 2 + -N-> 

12.011 2.016 32 28.016 ^ 


0.06752C + 0.02183H2 + 0.000840, 4 O.OOO 64 N 2 
Normalizing to 1 mol of coal gives 

0.7434C + 0.2403H2 4 O.OO 92 O 2 + O.OO 7 IN 2 
The stoichiometric combustion equation is 


0.7434C 4- 0.2403H2 + 0.009202 + 0.007IN. + 0.7434 4 


0.2403 


- 0.0092 I O 2 + I 0.7434 F 


0.2403 


0.0092 )3.76N2 0.7434CO2 


0 . 2403 H ,0 + I 0.7434 + _ o,0092 0 0071 IN, 


or 

0.7434C + 0.2403H2 + 0.009202 + 0.007 IN, + 0.8543502 

-h 3.21236N2-» 0.743400, + 0.2403H,0 -i- 3.2I946N2 

120 percent air means that atmospheric air is increased by 20 percent. The com¬ 
bustion equation is therefore 

0.7434C -b 0.2403H, 4- 0.009202 + 0,0071N2 + (1 20 x 0.85435)02 
+ (1.2 X 3.21236)N2-* O.734CO2 + O.2403H2O 
+ (0.2 X 0.85435)02 + (1.2 x 3.21236 + 0.0071)N2 


or 

0.7434C -b 0.2403H2 + 0.009202 + O.OO7IN2 + 1.0252202 

-b 3.85483N2 ^ 0.7434CO2 + 0.2403H2O -b 0.1708702 + 3.86193N2 
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All reactants in this particular case are made up of elemental substances (not true 
if the fuel contained complex molecules such as a hydrocarbon), so that at 25°C 

linMhj) = 0 

R 


The temperature of the products that yields ^(nMhf) = 0 is now obtained by trial 
and error. At 2100 K 

l{nMh^) = 0.7434 X 44.011 x -2893.6 

p 

+ 0.2403 X 18.016 x -3916.1 
+ 0.17087 X 32 X 846.8 
+ 3.86193 X 28.016 x 917.5 = -7725 

Similarly, at 2200 K 

= 1221 Btu/(lb mol fuel) 

p 

By interpolation, the adiabatic-flame temperature = 2186K 3935°R = 3475°F. 


The combustion temperatures as calculated in the previous two examples are higher 
than actual because dissociation of some of the products takes place at high temper¬ 
atures. For example, some CO 2 dissociates to CO and K) 2 . which is an endothermic 
reaction that lowers the temperature. Chemical equilibrium occurs at a certain tem¬ 
perature when the reaction rate is the same in both directions, i.e., when 

CO + ^O. CO 2 (4-23) 

and 

+ ^02 H 2 O (4-24) 

The effect of dissociation on the theoretically obtained temperatures above is greater 
the higher the temperatures but is lower for lean mixtures because the excess oxygen 
tends to drive the reactions toward completion and the higher the pressure. Thus the 
effect of dissociation is minimal in steam-generator furnace combustion, which occurs 
with lean mixtures around 3000°F. 

Finally, it should be recalled that all combustion calculations can be done if there 
is heat exchange to or from the environment (as in Example 4-4), work done by or 
on the system, or even changes in kinetic or potential energy between products and 
reactants by including the proper terms into Eq. (4-17). 
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PROBLEMS 

4-1 A sample of coal has the following molal analysis C 67.35%. 26.26% , Oi 2.28% , N 2 0.57%, S 

1.37%, H 2 O 2.17%. Write the complete combustion equation in stoichiometric air and calculate the coal 
ultimate analysis, mass percent. 

4-2 Write the complete combustion equation for the anthracite coal in Table 4 2, assuming stoichiometric 
air and find the dew point, degrees centigrade, of the combustion prexiucts if ihe total pressure is 1 bar. 
4-3 Ht bums in pure oxygen in a chemically correct (stoichiometric) mixture. Write the combustion equation 
and calculate (a) the mass of products per unit mass of H 2 , and [b) the lower heating value of H 2 if its 
higher heating value is 61,100 Btu/lb^. 

4-4 Calculate the higher and lower heating values, in Btus per pound mass, using the Dulong-type formula, 
of the anthracite coal in Table 4-2. if the total pressure is 1 atm 

4-5 A gaseous fuel that is derived from coal (Sec. 4 11) has the following ultimate volumetric analysis: 
H 2 47.9%, methane (CH 4 ) 33.9%, ethylene (C 2 H 4 ) 5,2%, CO 6,1%., CO. 2.6%, N; 3.7%. and O 2 0.6%. 
It bums in 110 percent of theoretical air. Calculate (a) the volume flow rate of air required per unit volume 
flow rale of the gas when b<ith are measured at the same pressure and temperature, and (h) the dew point 
of the combustion products, in degrees fahrenheit, if the total pressure is 2 atm 

4-6 10,000 U.S. gal of a fuel oil are burned per hour in 20 percent excess air. The fuel oil has the following 
ultimate analysis by mass; C 87%', S 0.9%, H; 12%, ash 0.1%. Write the combustion equation and find 
the volume flow rate of air required, in cubic feet per minute, if the fuel has a density of 7 73 lb,J U.S, 
gal and the air is at 1 atm and 60°F. 

4-7 A southern California natural gas has the following ultimate analysis by mass; fl. 23.3% , C 74.72%, 
N 2 0.76%, and O 2 1.22%. The flue gases have the following volumctnc analysis: H 2 () 15.583%, CO. 
8,387%, O 2 3.225%, N 2 72,805%. Calculate (u) the percent theoretical air used in combustion and (h) the 
dew point, in degrees centigrade, if the flue gases are at 2 bars 

4-8 A fuel oil composed only of carbon, hydrogen, and sulfur is used m a steam generator. The volumetnc 
flue gas analysis on a dry basis is; CO. 11 7%?, CO 0.440%, O: 4 002%. SO. 0.176, and N. 83.682. Find 
(a} the fuel mass composition, (b) the air-fucl ratio by mass, (r) the excess air used, in percent, and (^) 
the dew point, in degrees centigrade, of the flue ga.scs if their pressure is 2 bar 

4-9 A fuel oil burned in a steam generator has a composition which may be represented by CuH ^j. A dry- 
basis flue-gas analysis shows the following volumetnc composition; CO. 11,226%, O 2 4 145%, CO 0 863%, 
N 2 83.766%'. Wnte the complete combustion equation for 1 mol of fuel and calculate (a) the air-to-fuel 
ratio by mass, (b) the excess air, in percent, and (c) the mass of water vapor in the flue gases per unit mass 
of fuel 

4-10 A crushed bituminous coal to be used in a fluidized-bed combustion chamber varies in size between 
1/4 and 3/4 in and has a density of 80 Ib^fl’.The coefficient of drag when fluidized i.s 0.60. Calculate (a) 
the minimum gas velocity that fluidizes ail the coal if the gas is at 16(X)”F and 9 atm pressure, and (b) the 
pressure drop in the bed, psi. Assume that the coal in the collapsed state has a height ot 2 ft and a porosity 
of 0.25 and that the gas density can be approximated by that of pure air. 

4-11 10,000 tons of coal are burned in a powerplant per day. The coal has an as-rcceived ultimate analysis 
of C 75%, H 2 5%., O 2 6.7%, H 2 O 2.5%. S 2.3%, N. 1.5% , ash 7.0% It bums in excess air in a fluidized- 
bed combustor. Calculate («) the mass of calcium carbonate to be added, in tons per day, and ib) the mass 
of calcium sulfate to be disposed of. in tons per day. (The molecular mass of calcium = 40 ) 

4-12 Write the chemical formula and sketch the molecule for the following hydrcKarbons; (a) ethane, ib) 
ethene or ethylene, (c) dccane, {d) iso-decane ( 2 , 2 ,3,3 tetramethyl hexane), ie) pentatnacontane (do not 
sketch), (/) isobutene ( 2 -methyl propene), (g) 1 , 5 -heptadienc (the numbers indicate the positions of the 
carbon atoms that precede double bonds), {h) cyclohexane, ( 1 ) naphthalene, (j) 1 -methyl napthalene (a 
methyl radical CH 3 attached to a carbon atom instead of a hydrogen atom), (k) teiracontane (do not sketch), 
and (/) dotriaconlahectane (do not sketch). 

4-13 A coal-oil mixture (COM) is composed of the bituminous medium volatility coal listed in Table 4-2 
and a distillate oil no. 2 that has an ultimate analysis on a mass basis of C 87.2%, H 2 12.5%, S 0.3%, N 2 
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0.02%, and negligible Oj and ash, and has a higher heating value of 19,430 Btu/lb,„. The mixture is SO¬ 
SO on a heating-value basis. It bums in 15 percent excess air. Write the complete combustion equation and 
calculate the air-to-fuel ratio by mass 

4-14 Purified medium-Btu gas at 77“F is burned in 110 percent theoretical air. It leaves the combustion 
chamber at 1700°F 5 piercent of the heat released is lost to the environment. Calculate the useful heat added 
to the chamber in Btus per pound mass and Btu per standard cubic ftxjl (at 14.696 psia and 60°F) of the 
gas. 

4-15 A purified low-Btu gas at 77°F bums in stoichiometric air and gives off 52.49 Btu/lb^in the combustion 
chamber. Calculate the exit temperature, in degrees Fahrenheit. 

4-16 Gaseous propane at 77°F is mixed with air at 3(X)°F and ignited. What percentage theoretical air must 
be used if the temperature of the products is 17(X)°F? Assume an adiabatic process. 

4-17 100,000 standard cubic feet per minute of a purified low-Btu gas enters a gas turbine combustion 
chamber at 440°F, where it bums adiabaticaily in ISO percent theoretical air It then drives a gas turbine 
and leaves it at 1160°F. Calculate the power input to the turbine in megawatts 

4-18 Ethane at 25°C bums completely in stoichiometric air in a vertical cylinder so that a piston is pushed 
upward. The cylinder diameter is 0.15 m and the piston mass is 20 kg. The air pressure above the piston 
is 1 bar. The initial cylinder volume is 0.1 m\ Calculate the final cylinder volume, in cubic meters, if the 
products of combustion at the end of expansion were at 1600 K. (The Universal gas constant in SI units 
is 8314.3 J/kg mol K.) 

4-19 3(X) Ib,^ of liquid octane is burned in an internal combustion engine with 125 percent theoretical 
air. The initial temperature is 77°F and the products leave the cylinder at 1160°F. 85% C bums to CO 2 , 
the rest bums to CO. (a) Write the complete combustion equation for 1 mol of ChHib. (t) find the heat 
released in the process, Btu/mol CgHis, and (r) find the horsepower developed if the engine efficiency is 
15 percent. 

4-20 A chemically correct mixture of ga.seous methane and air at 77“F is admitted into a nozzle where it 
bums completely. Calculate the nozzle exit velocity in feet per second if the exit temperature is 2(XX) K. 
4-21 Calculate the higher and lower heating values in Btus per pxiund mass at 25^ of fuel oil no. 2 (Table 
4-5), assuming that O 2 and N 2 have mass percentages of 0.1 each. 

4-22 Gaseous propane is mixed with air at 77°F and burned. The products reached a temperature of 1520“F 
There was a loss of 10 percent of the reactants energy by heat transfer. Calculate the percentage theoretical 
air used. 

4-23 Calculate the adiabatic flame temperature, in degrees fahrenheit, for the subbituminous coal in Table 
4-2 if it bums from 77°F with 100 percent air. Ignore the effect of sulfur on the energy balance. 
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5-1 INTRODUCTION 

Using Steam to provide mechanical work probably owes its birth to the need for 
pumping water from coal mines. The very first successful attempt at this was a “pump¬ 
ing engine'’ built by Thomas Savery (1650-1715) in England. In Savery’s engine, 
steam at pressures between 50 and 100 psig (4.5 to 8 bar) acted directly upon the 
surface of water in a chamber to force it up through a pipe. A crude check valve 
prevented reverse flow. After the chamber was cleared of water, steam supply was 
manually cut off and cold water was applied over the chamber, thus condensing the 
steam inside and creating a vacuum that sucked in more water. The direct contact 
between steam and water caused large condensation losses, and the lack of safety 
valves was responsible for many explosions. 

At about the same time, Denis Papin (1647-1712), who invented the safety valve, 
conceived of the idea of separating the steam and water by a piston, and Thomas 
Newcomen (1663-1729) designed and built an engine with one. In it low-pressure 
steam was admitted to a vertical cylinder, where it pushed the piston upwards. The 
steam left in the cylinder was then condensed by a jet of outside cold water, creating 
a vacuum in the cylinder. The outside atmospheric pressure pushed the piston back 
on the working stroke, hence the name “atmospheric engine. ” The piston was attached 
to one end of a beam that had a fulcrum about midpoint. A piston in a separate pumping 
cylinder was attached to the other end. The pump piston was smaller in diameter than 
the steam piston, so a greater water pressure than steam pressure was obtained. The 
various valves of Newcomen’s engine were operated manually at first. Automatic 
operation, the first on record, was conceived by a small lad who was hired to operate 
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the valves. Being smaller and lazier than the others, as the story goes, he noticed the 
regular pattern of beam and valve operation and rigged up a string mechanism that 
allowed the beam to actuate the valves. Newcomen’s engine used one-third less coal 
per hph than Savery’s. 

It was not until some 60 years later that James Watt* developed the ideas of the 
“modem” reciprocating steam engine. Working as an instrument maker, he was called 
upon one day in 1764 to repair a Newcomen engine and noticed the waste of steam 
condensed in the cylinder. In 1765 he conceived of the idea of a separate condenser, 
and subsequently ideas such as the working stroke caused by steam expansion, the 
double-acting cylinder, the flyball throttling governor, the conversion of reciprocating 
to rotary motion (in 1781), and other important features. His now-famous engine was 
a major contributor to the industrial revolution. Watt’s engine used 60 percent less 
coal than Newcomen’s and 75 percent less than Savery’s. 

The next major improvement was made by Corliss (1817-1888), who developed 
the quick-closing intake valves that bear his name which reduce throttling dunng 
closing. The Corliss engine used about half as much coal as Watt’s but still four or 
five times as much as modem steam-turbine powerplants. Next came Stumpf (1863-?). 
who developed the “uniflow engine,” which was designed to further reduce conden¬ 
sation losses. 

The reciprocating steam engine reached its pinnacle in size when it was called 
upon to drive the then-giant 5-MW electric generators early in the twentieth century. 
No larger engines were built then or after, although performance continued to improve 
mainly with the uniflow engine. But about that time electric generators were capable 
of getting bigger with no reciprocating engines large enough to dnve them. Enter the 
steam turbine, not a new idea by any means, for the need for it was foreseen by many 
inventors in the late 1800s. Like many great inventions, it became practical when the 
world needed it. 

Actually, history’s first recorded steam turbine was one built by Hero of Alexandria 
about the first century a d. It consisted of a hollow sphere that was free to turn about 
a horizontal axis between two fixed tubes that connected it to a caldron or boiler (Fig. 
5-1). Steam, generated in the caldron, enters the sphere and exits to the atmosphere 
tangentially via two nozzles situated in the plane perpendicular to the axis of rotation 
and pointing in opposite directions. The steam leaving the nozzles causes the sphere 
to rotate in a manner similar to that of water ejecting from a lawn sprinkler. Hero’s 
turbine thus operated on the reaction principle (Sec. 5-3). Much later, about 1629, a 
steam turbine used a jet of steam that impinged on blades projecting from a wheel, 


* James Watt (17.J6- ISI9) was a Scottish scif-cducated instrument maker and inventor. Besides his 
famous engine, he is credited with the first meaningful research on the properties of steam He ran into 
considerable financial difficulties that necessitated borrowing money from benefactors before his engine 
became a financial success. In 176^ he ttwk a patent for “A New Invented Method of Lessening the 
Consumption of Steam and Fuel in Fire Engines.” In 1775 he went into partnership with Matthew Boulton, 
a manufacturer in Birmingham The partnership lasted 25 years. Unlike many great inventors, his achieve 
ments were recognized during his lifetime. He was awarded a doc tor of Jaws degree from Glasgow University 
in 1806, was made a foreign associate of the French Academy of Sciences in 1814, and was offered a 
baronetcy, which he declined because of mcxlesty. 
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Figure 5-1 The aeolipile of Hero of Alexandria 
(from Aeolus, “god of the winds." and pila, a 
“ball") the first recorded steam turbine in history. 


thus causing it to rotate. This turbine operated on the impulse principle (Sec. 5-2). 
Later yet, in 1831, William Avei^ of the United States built the first steam turbines, 
which were used commercially in sawmills and woodcutting shops, with at least one 
tried on a IcKomotive. The Avery turbine had similarities to Hero’s in that it used a 
hollow shaft with two 2 5-ft-long hollow arms attached to it at right angles with a 
small opening at the end of each and each pointing in opposite directions. Steam 
supplied through the hollow shaft exited through the openings and caused the shaft to 
rotate. Avery's, like Hero’s, was therefore a reaction turbine. The turbines, though 
claiming similar efficiencies as contemporary reciprocating steam engines, were aban¬ 
doned because of high noise level, difficult regulation, and frequent breakdowns. 

The turbines that were destined to take over from the reciprocating engine, how¬ 
ever, came about late in the nineteenth century as a result of the efforts of a handful 
of men, the most prominent of whom were Gustav de Laval* of Sweden and Charles 
Parsonst of England, de Laval first developed a small, high-speed (42,000 r/min) 


* Carl Gustav Patrick dc Laval (1845-1913). an engineering graduate of the University of Upsala, 
Sweden, was an inventor whose main income came Irom a cream separator and was spent on various other 
unprofitable inventions. The turbine he invented was intended for a cream separator. Also active in public 
affairs, he became a member of both hou.scs of parliament and was honored repeatedly for his contributions 
h) technology. 

^ Sir Charles Algernon Parsons (1854-1931). an upper-class Englishman, was motivated by the need 
lo find a steam drive for ships. He is credited with developing the reaction-slage principle. 
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reaction turbine but did not consider it practical and so turned to the development of 
a reliable single-stage impulse turbine, which bears his name until today He is also 
credited with being the first to employ a convergent-divergent nozzle for use in that 
turbine. The first unit was tested in 1890 and the first commercial unit, 5 hp, went 
into service in 1891. In 1892 he built a 15-hp turbine with two wheels for ships: one 
for forward and one for astern propulsion. Parsons developed the multistage reaction 
turbine, a low-speed machine for use in ships. The first Parsons turbine was built in 
1884. The first ship ever to use a turbine was launched in 1895 and, naturally, was 
called the “Turbinia.” It also had two sets of elements, one for forward and one for 
astern propulsion. Later on some turbine-generator sets were installed in both ships 
and powerplants. 

In addition to de Laval and Parsons, C. E. A. Rateau of France developed the 
multistage impulse principle (pressure staging), Charles G. Curtis of the United States 
developed the velocity-compounded impulse stage, and George Westinghouse, also 
of the United States, secured American rights to the Parson’s turbine and installed the 
first U.S. commercial units of 4(X)-kW capacity at the Westinghouse Air Brake Co., 
Wilmerding, Pennsylvania. 

Shortly after the turn of the century, steam turbines began to replace reciprocating 
steam engines in powerplants. Rapid development ensued. By 1909 12-MW units were 
installed in the Fisk powerplant in Chicago. The turbine performance and efficiency 
exceeded those of the reciprocating engine and allowed the use of superheated steam 
on an expanding scale. This led to the use of cast steel rather than cast iron in turbines. 
Capacities rose steadily. A 208-MW unit was installed in New York in 1929. The rise 
was helped in 1937 by the use of hydrogen-coi^led, 3600-r/min electric generators. 
By the late 1950s capacities reached 450 MW. In the post-World War II era, capacities 
rose beyond 1000 MW and 3600 r/min became a standard in the United States for 60- 
Hz current (3000 for 50-Hz current in most of the rest of the world) for high-pressure 
units and 1800 r/min (1500 non-U.S.) for the low-pressure units used in water-cooled 
nuclear reactors. The steam turbine today is the mainstay of electric-power generation 
and promises to continue in that role for the foreseeable future. 

Gas turbines are as old as windmills since a windmill is essentially a gas (air) 
turbine. An early gas device called the smoke jack was operated by hot gases rising 
through a fireplace chimney The smokejack is believed to have been first sketched 
by Leonardo da Vinci and later descnbed by John Wilkins, an English clergyman, in 
his book Mathematical Magick in 1648. Other attempts followed, including work by 
John Barber of England, who received a patent in 1871 for a device that compressed 
air and produced gas in a cylinder and then burned and directed the mixture to a 
turbine wheel through nozzles. The first significant advance was by F. Stolze of 
Germany, whose turbine consisted of components similar to those of today’s gas 
turbines; a separately fired combustion chamber and a multistage axial-flow compressor 
coupled directly to a multistage reaction turbine. The efficiencies of compressor and 
turbine and the gas temperatures, however, were too low to permit successful operation. 
The first successful gas turbine was built in 1903 in France. It consisted of a multistage 
reciprocating compressor, combustion chamber, and a two-row impulse turbine. It had 
a thermal efficiency of about 3 percent. Further progress was slow. 
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F = - - V^2) (5-136) 

gc 

The work per unit time (power) is equal to the product of force and distance traveled 
by the blade in unit time or the product of force and velocity. Thus 


VV = 



cos 6 - V ^2 cos 8) 


(5-14) 


Note that if both 0 and 6 are 0, V ,2 = Vg - - Vg) in the -f jc direction (for 

frictionless, nonexpansion or noncontraction flow), and Eq. (5-14) reverts to Eq. (5- 
8 ). Note also that cos 8 is positive if 8 is less than 90° (Fig. 5-56) and negative if 8 
is greater than 90° (Fig. 5-5c), so that the work is greater if 8 is greater. 

The blade efficiency again is defined as the ratio of the blade work, Eq. (5-14), 
to the initial energy of the jet mV^Jlgc or 


Vb 




Optimum blade speed. By analogy with the 180° blade, the relative velocity of fluid 
entering blade in the direction is V,, cos 0 - With no friction, expansion, 
or contraction, that is also the relative velocity leaving the blade but in the —x direction. 
The absolute velocity of the fluid leaving the blade in the -\~x direction, cos 8, is 
therefore Vg - iVsx cos S - Vb) = i^Vg - Vi cos 8). Equation (5-14) can thus be 
written in the form 


W = cos e - Vb) (5-16) 

gc 

The optimum blade speed that yields maximum work is again obtained by differen¬ 
tiating W with respect to Vg and equating the derivative to zero, giving 


V,, cos 6 


^ B,opt 


(5-17) 


The maximum work is obtained by substituting Eq. (5-17) into Eq. (5-16), giving 

cos = — Va.opi (5-18) 

2gc gc 

The maximum blade efficiency is obtained by dividing by mV^i/lgc, giving 

Tjfl.™ = (cos 8)^ (5-19) 

An examination of the vek)city diagram shows that in ideal flow where Vr\ — Vri ^^1 
when (f> = y, the optimum blade velocity which results in maximum work also results 
in 6 = 90°, or absolute exit velocity straight in the axial direction. In that case 
^s 2 cos 8, the exit velocity of whirl, is zero. Equations (5-17) to (5-19) revert to Eqs. 
(5-10) to (5-13) for ^ = 0. 

From the first-law principles, with no change in potential energy and no heat 
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transfer, the work is equal to the decrease in enthalpies and absolute kinetic energies 
of the fluid 


/V2 y2\ 

W = (H, - H,) + (5-20) 

where //, and H 2 are the enthalpies of the fluid entering and leaving the blade, 
respectively. - H 2 is obtained by considering fluid flow relative to the blade (as 
seen by an observer riding on the blade), where only relative velocities and no work 
are observed. Thus 



Combining with Eq. (5-20) gives 


(5-21) 


w = - Vjj) - (V?, - VI 2 )] (5-22) 

This is a general equation for the work in any blade, i.e., including friction, expansion, 
or contraction of the fluid through the blade passage. In the case of a pure impulse 
blade, where none of these effects is present, Hx = Vr\ = and 

.n^puu. = - V?2) (5-23) 

Values of V^x and Vs 2 are obtained from the nozzle equation, Vb and the various blade 
angles. In an impulse blade with friction, the usual method of describing the effect 
of friction is by the use of a velocity coefficient ky, less than one and given by 


ky = 


Yii 

Vh 


(5-24) 


We shall now define stage efficiency 77 ^. This is the work of the blade divided 
by the total enthalpy drop of the fluid for the whole stage, i.e., including nozzle and 
blade, if expansion of the fluid were reversible and adiabatic, 


"Haw — 


W 

A//. 


W 

m A/ij 


(5-25) 


Example 5-1 100 lb„ys of steam enter and leave the nozzle of an impulse turbine 
stage at 400 psia and 500°F, and 200 psia, respectively. The nozzle efficiency is 
90 percent. The nozzle angle is 20°. The blade is symmetrical, travels at optimum 
velocity, and has a velocity coefficient of .97. Calculate the blade angle, stage 
power in horsepower and megawatts, and the blade and stage efficiencies. 

Solution From the steam tables, App. A, steam conditions entering nozzle (Fig. 
5-6) are = 1307.4 Btu/lb„, s„ = 1.5901 Btu/(lb,„ ■ °R). Steam conditions 
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Figure 5-6 T-s diagram for nozzle of 
Example 5-1. 


leaving nozzle if it were adiabatic reversible at a die = 1.5901 Btu/(lb^ ■ °R) 
and by interpolation at 200 psia, ha = 1237.2 Btu/lb^. 

Nozzle isentropic enthalpy drop = 1307.4 - 1237.2 = 70.2 Btu/lb^ 

Nozzle actual enthalpy drop = 0.9 x 70.2 = 63.18 Btu/lb;„ 

= V2 X 32.2 X 778.16 x 63.18 = 1779.4 ft/s 

Refer to Fig. 5-5 

where 0 = 20°, V,i cos d = 1672.1 ft/s 

V'fl.opi = cos e/2 = 836.05 ft/s 
Vri sin <{> = Vs\ sin 0 = 608.6 fl/s 
Vri cos (t> — Vji cos e — Vb = 836.05 ft/s 
from which Vri - 1034.1 ft/s and 4> = 36.05° 

= KVri = 1034.1 X 0.97 = 1003.1 ft/s 
Vr 2 sin y = V^i sin S, y = <f> 

Vr 2 cos y + Vs 2 cos S = Vb 
from which Vj 2 = 590.8 ft/s, S = 87.57° 

Refer to Eq. (5-14) 

. ^ 1000 X 836.1 J _ 25 J) ^ 4 2 g x 10’ ft • Ib/s 
32.17 

= 77,818 hp = 58.03 MW 
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Refer to Eq. (5-22) 


W = 


1000 


2 X 32.17 
= 4.28 X 10’ ft ■ Ib/s 
which confirms Eq. (5-14). 

W 


[(1779.4'' - 590.8") + (1003.1" - 1034.1")] 


Blade efficiency = — 


4.28 X 10" X 2 X 32.17 


Stage efficiency = - 


(mVl/2g,) ~ 

1000 X 1779.4’ 

86.97% 


W 

4.28 X 10’ 


m(h„ - hj 1000 X 70.2 x 778.16 
= 78.35% 


X 100 


X 100 


S-3 IMPULSE TURBINES 

Impulse turbines or turbine stages are simple, single-rotor or multirotor (compounded) 
turbines to which impulse blades are attached. Impulse blades can be recognized by 
their shape. They are usually symmetrical and have entrance and exit angles, <p and 
y respectively, around 20°. Because they are usually used in the entrance high-pressure 
stages of a steam turbine, when the specific volume of steam is low and requires much 
smaller flow areas than at lower pressures, the impulse blades are short and have 
constant cross sections. 

Impulse turbines arc also characterized by the fact that most or all of the enthalpy, 
and hence the pressure, drop occurs in the nozzles (or fixed blades that act as nozzles) 
and little or none in the moving blades. What pressure drop occurs in the moving 
blade is a result of friction that gives rise to the velocity coefficient ky discussed above. 
Single-rotor and compounded impulse steam turbines will now be discussed. 

The Single-Stage Impulse Turbine 

The single-stage impulse turbine, also called the de Laval turbine after its inventor 
(see Introduction, Sec. 5-1), consists o f a single ro tor to which impulse blad es are 
attaghgd. The ^eam is fed thr ough one or several convergc nTflivefi^t n oziJes w hich 
00 not extend completely around the circumference^the rotor rso^haTcmly part of 
the bladg&^are jmpinged upon by the steam at any one tim e. The no ^Iqs a Jso allow 
ggynming the twrblj}^ by shuttin g off one jir pinrp nf thm ^ 

The velocity diagram for a single-stage impulse turbine has been shown in Fig. 
5-5. Figure 5-7 shows the overall pressure and absolute steam-velocity changes in the 
nozzle and blade passages for an ideal turbine. As can be seen the pressure drop qp:urs 
in the nozzle and not in the blades. Maximum velocity, and hence kinetic ener^, of 
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Figure 5-7 Overall steam pressure and absolute steam-velocity changes 
in an ideal single-stage impulse (deLavaJ) turbine 


the steam occurs at nozzle exit and decreases from to in the blades. The linear 
changes in pressure and velocity shown are only schematic and do not represent the 
actual processes. 

Compounded-lmpulse Turbines 

It has been shown that the optimum blade speed in a single-stage impulse turbine is 
0-5 Vj, cos 0 or roughly one-half of the incoming absolute steam velocity, 6 being 
small. Steam expanding from naodem boiler conditions,^ay 2400 psia and lOOOT to 
the condenser pressure of 1 psia (or even to atmospheric pressure) in a single noz?:]e, 
stage, will have_yelocities of about 5400 ft/s (1645 m/s), meaning a blade speed of 
2700 ft/s (820 m/s). Such a speed is far beyond the maximum allowable safety limits 
because of centrifugal stresses on the rotor materiai.Jn addition^ die large steam 
velocities result in large friction losses (proportional to the square of the velocity) and 
a reduction in turbine efficiency. The high rotor speeds would also necessitate large 
and bulk^ r^uctiougcitring to the electric generator. To overcome these difficulties, 
two methods have been utilized, both called compounding or staging. One is the 
velocity-confo unde d turbine, and the other the pressure-compounded turbine. 

The Velocity-Compounded Impulse Turbine 

The velocity-compounded turbine was first proposed by C. G. Curtis (see Introduction) 
to solve the problems of a single-stage impulse turbine ToTuse with high pressure and 
temperature steam. The Curtis stage turbine, as it came to be called, is composed of 
one ^tagp nf nozzles as the sing>f-*uagp. ty rhine, followed by two rows of moving 
t^ lades insrp flii-gf-^np These two rows are sep arated by one row of fixed blades attached 
to the turbine stator, which has the function of redirecting the stea m leaving the first 
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row of moving blades to the second row of moving blades, A Curtis stage impulse 
turbine is shown in Fig. 5-8 with schematic pressure and absolute steam-velocity 
changes through the stage. In the Curtis stage, the total enthalpy drop_and hence 
pressure drop occur ideally in the nozzles so that the pressure remains constant in all 
tfiiee rows of blades. The kmetic energy of the steam leaving the nozzle at , however, 
Ts utilized in both rows of moving blades instead of a single row as before. The absolute 
velooty of the steam decreases from V^i to in the first row of moving blades, 
remains essentially constant in the fixed blades, enters the^econiiww of moving blades 
at Vj 3 , and leaves at IdeaHy hut actually there is a loss as a result of 

iriction in the fixed blades so that < V ^2 ^nd they are related by a velocity coefficient 
it^Wmilar to that of Eq. (5-24). 

‘" The velocity diagram for a Curtis stage, with friction in moving and fixed blades, 
is shown in Fig. 5-9. The procedure for constructing that diagram is the same as that 
for the single-stage impulse turbine (Fig. 5-5). In the diagram, because of friction 


Vr2 

Vs, 



Ki 

^v3 


(5-26) 


Using an analysis similar to that used for the single-stage impulse turbine, it is easy 
u) write expressions for the work of the Curtis stage using either a momentum-impulse 
or first law analysis. The latter yields 


Moving Stationary 

blades blades 


Moving 

blades 



Figure 5-8 Overall steam pressure and absolute steam velocity 
changes in an ideal velocity-compounded impulse turbine (a 
Curtis stage). 
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Figure 5>9 Velocity diagram for a Curtis 
stage, drawn with Vg the same in both 
moving blades and with friction taken 
into account Note the effect of velocity 
change on blade angles. 


VV = + (V?2 + V?,)] + l(V^, - V?4) + (V^r. - vm (5-27) 

where the quantities between the two sets of brackets are due to the work of the first 
and second rows of moving blades, respectively. The blade efficiency of the Curtis 
stage turbine is obtained, as usual, by dividing W from Eq. (5-17) by m(V^i/2g,), and 
the efficiency of the stage is obtained by dividing W by the adiabatic reversible enthalpy 
drop for the stage. 

Although the Curtis stage is composed of two rows of moving blades, a velocity- 
compounded turbine can be composed of any number of such rows, all sharing in the 
kinetic energy of the incoming steam at Such staging usually is built with suc¬ 
cessively increasing blade angles, which results in flatter and thinner blades toward 
the last rpw (Fig. 5-10), constructed for three rows of moving blades. An expression 
for the yyork of a three-stage turbine may be easily obtained by extending the terms 
in brackets in Eq. (5-27) to three. ’ 

An expression for the optimum velocity may be derived for an ideal frictionless 
turbine. It shows 


^a.opt 


Vsi cos 6i 
2n 


(5-28) 


where 6^ is the nozzle angle and n the number of stages (rows of moving blades). The 
exit velocity of whirl (due to V^) is zero. Notice that the optimum blade velocity is 

that of a single-stage impulse. In the actual turbine with friction, is slightly 

less than that given by Eq. (5-28) [37]. 




188 POWERPLANT TECHNOLX)GY 



Figure 5-10 velocity diagram and blades for a veicKity-compounded impulse turbine with three rows of 
moving blades. 


The work ratio of the highest-to-lowest-pressure stages, in an ideal turbine, can 
be found to have the ratio 3:1 for a two-stage turbine (Curtis), 5:3:1 for a three-stage 
turbine, 7:5:3; 1 for a four-stage turbine, and so on. This points to one of the major 
drawbacks of velocity compounding, namely that the lower-pressure stages produce 
such little work that staging beyond two stages (Curtis) is uneconomical. Another 
drawback is the still-high steam velocities that result in large friction, especially in 
the high-pressure stages. 

If blade speeds must be reduced below that afforded by two stages, the second 
method of compounding is resorted to. 

The Pressure-Compounded Impulse Turbine 

To alleviate the problem of hi ^h b(^d^ jrelociW in the single-^tage impulse turbine, 
_die total entbalpy-drop^rough the nozzles of tliat turbine are sirnply divided up, 
essentially equally, among many single-stage impulse turbines in series. Such a turbine 
is called a Rateau t urbine, after its inventor. Thus the in let stea m velocities to each 
stage are essentially equal and due to a reduced From the nozzle equation, ignoring 
inlet velocities to the nozzles 

V., = (.‘5-29) 

y n 

where is the total speciric enthalpyTdrop of the turbine and n the number of 
stoges. 

A two-stage pressure-compounded turbine is shown in Fig. 5-11 Note that al¬ 
though the enthalpy drops per stage are the same, the pressure drops are not. An 
examination of a Mollier steam chart shows, for example, that if we were to divide 
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Figure 5-11 A two-slage pressure-compounded impulse 
turbine (Rateau). 


the total enthalpy drop from 1000 psia and 1000°F to 1 psia in isentropic expansion, 
approximately 580 Btu/lb^, into four equal parts, approximately 145 Btu/lb^, the 
pressure drops in the first to fourth stages would roughly be 650. 260, 75, and 15 psi, 
respectively. 

Figure 5-12 shows a velocity diagram of a three-stage pressure-compounded im¬ 
pulse turbine with friction so that etc. The individual triangles are constructed 

in the identical manner of the single-stage impulse and the equations for that turbine 



Figure 5-12 Velocity diagrams and nozzles and blades for a three-stage pressure compounded impul 
(Raicau) turbine. 
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are applicable here, with the exception that A/i per stage is much reduced. In Fig. 5- 
12 the exit velocities of whirl for all stages are zero, corresponding to optimum. Note 
also that in calculating V, 3 , the kinetic energy in may not be ignored as was done 
in Eq. (5-29), because the nozzles of each stage must receive the steam discharged 
by the preceding stage, expand it, and redirect it to the moving blades. The pressure- 
compounded impulse turbine has the advantages of reduced blade velocities, reduced 
steam velocities (and hence friction) and equal work among the stages, or work 
distribution among the stages as desired by the designer. The disadvantages are the 
pressure drop across the fixed rows of nozzles, which require leak-tight diaphragms 
to avoid steam leakage, and the large number of stages. Thus pressure-compounded 
turbines are ordinarily used for l 2 U'ge turbines where efficiency is more important than 
capital cost. 


«-4 THE REACTION PRINCIPLE 

A fixed nozzle, a rocket, a whirling lawn sprinkler, and Hero’s turbine (Fig. 5-1) are 
devices that cause a fluid to exit at high spoeds. The fluid, beginning with zero v^ocity 
inside, creates a force in the direction,i>f motion F equal to 

V 

F ^ m- (5-30) 

gc 

and there is a corresponding and equal force tending to move the devices in the opposite 
direction. This force is called reaction. The devices mentioned above are, therefore, 
reaction machines thaFmaTTiave to hold stationary (the nozzle), move in a straight 
line (the rocket), or in a rotary fashion (the sprinkler and Hero’s turbine). In all these, 
the pressure drop (caused by enthalpy drop) that causes the high velocities occurs 
inside the devices. 

In the impulse turbine, no pressure drop (except that caused by friction) occurs 
in the moving blades. If now we can imagine a blade passage through which there 
will be a pressure drop, the blade would have a reaction force moving it in an oppxjsite 
direction. Because, however, a blade passage is not a reservoir of steam, or a place 
where steam has zero velocity, a pure reaction blade does not exist. The blades in the 
so-called reaction turbine are in reality part impulse and part reaction. 

A reaction turbine, therefore, is one that is constructed of rows of fixed and rows 
of moving blades. The fixed blades act as nozzles. The moving blades move as ^ 
result of the impulse of steam received (caused by change in momentum) and a lso as 
a result of expansion and acceleration of the steam relative to them. In other wordsr 
they also act as nozzles. The enthalpy drop per stage of one row fixed and one row 
moving blades is divided among them, often equally. Thus a blade with a 50 p>ercent 
degree of reaction, or a 50 p)ercent reaction stage, is one in which half the enthalpy 
drop of the stage occurs in the fixed blades and half in the moving blades. The pressure 
drops will not be equal, however. They are greater for the fixed blades and greater 
for the high-pressure than the low-pressure stages, as explained for the pressure- 
compounded impulse turbine. 
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The teimjreaction^ used despite the fact that ^ure reactjqn h^ines are 

notiDuilt. (Some European writers prefer the terms equal-pressure and unequal-pressure 
turbines for the impulse and reaction turbines, respectively.) 


5-5 REACTION TURBINES 

Reaction turbines, originally invented b y C. A. Parsons, are illustrated by Fig. 5-13 
with three stages, each composed of a row of fixed blades and a row of moving blades. 
The stationary blades are designed in such a fashion that the passages between them 
form the flow areas of nozzles. They are therefore nozzles with full steam admission 
around the rotor periphery. 

The moving^ blades oLa j^actipn turt are easily distinguishable from those of 
an impulse turbine in that they -are not symmetrical and, because they act partly as 
nozries, have a shape similar to that of the fixed blades, although curved in the opposite 
direction. 

The schematic pressure line (Fig. 5-13) shows that pressure continually drops 
through all rows of blades, fixed and moving, though the pressure change is greater 
the greater the pressure. The absolute steam velocity changes within each stage as 
shown and repeats from stage to stage. 

Figure 5-14 shows a typical velocity diagram for two-reaction stages. To construct 
such a diagram, the per stage is determined, say by dividing the total enthalpy 
drop of the turbine by the number of stages. This A/i is further divided among the 
fixed A/^and moving rows of each stage, each typically half A/i. is calculated 


Moving \ 
blades 


( Fixed T [ 

blades I I 


<S£S^ 


Fixed 
blades 

bsl^ 


1 ^ 






Figure 5-13 Three stages of reaction turbine with overall 
steam pressures and absolute velocities. 
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Figure 5-14 Velocity diagram for a two-stage reaction turbine. 


from A blade speed Vg is chosen, say, to correspond to optimum conditions equal 
to V,i cos 8 (compared with V^i cos 8/2 for the impulse turbine). Ki is then found. 
Note that y is nearly equal to 8 but is much less than <f> here. 

The second half of the enthalpy drop occurs in the moving blade. This results 
in increasing the velocities relative to the blades. In other words, in the moving 
blades increases its relative velocity. Thus Vr\ is increased to Vr 2 (in the impulse turbine 
Vr 2 was equal to or less than Vri because of friction). For the same Va, get the new 
V, 2 , which enters the next row of fixed blades to be increased to Vj 3 , and so on. Thus 



- Vji 




'2-gc 

= AAy 

(5-31) 

and 

- v;, 

= 

(5-32) 


^8c 




The work of a reaction stage can also be obtained from momentum-impulse or first- 
law principles. The change in momentum on the blade in the direction of motion -\-x 
is due to the change in the components of the relative velocities Vri and in that 
direction. For one reaction stage in general 

F = —(Vri cos <t> -f- Vr 2 cos y) (5-33) 

8c 

but as Vri cos <f> = Vsi cos 8 - Vg 

F = —{Vsi cos 8 - Vb Vr2 cos y) 

8c 

The rate of work, or power, VV = FVg 

W = m^(V„ cos 6 - Vg + V .2 cos y) 

gc 


(5-34) 
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From first-law principles, Eq. (5-22), repeated here, applies. 

^ ~ ^'^ 2 ) - (V?, - V^)] (5-22) 


Optimum Blade Speed 

The optimum blade speed can be easily obtained for the case where the fixed moving 
blades are similar, so that 0 = y, and Eq. (5-34) is written in the form 

Vb 

W = m—(21/„ cos 6 - Vb) 

Sc 

Again differentiating W with respect to Vb and equating to zero 
dW 

— = 2V,, cos 0 - 2Vb = 0 
dVB 

or Vfl.opt = Vsi cos 6 (5-35) 

and cos 6)^ = - (V^)^. (5-36) 

Sc gc 

The efficiency of a reaction stage is dependent upon the efficiency of the fixed 
blades (nozzles) and the efficiency of the moving blades. These are explained with 
the help of Figs. 5-14 and 5-15, which is a Mollier chart representation of Fig. 5-14. 



Figure 5-15 Condition curve for a 
two-stage reaction turbine, drawn on 
the Mollier (enthalpy-entropy) chart. 
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Lines Pq^ etc., represent constant pressure lines, which diverge to the right on the 
Mollier chart. The actual expansion line 0-1-2-3-4 represents the actual condition of 
the steam in the two stages and is called a condition curve. 

The fixed-blade, or nozzle, efficiency TJ^r is the ratio of the kinetic energy change 
to the adiabatic reversible (isentropic) energy change across the fixed blade. For the 
first fixed blade 


= 


- Vjo) 


bp hx 
bp “ bij 


(5-37) 


The moving-blade efficiency i)b is the work of the blade, Eqs. (5-22) or (5-34), 
-divided by the total energy available to that blade, which consists of the kinetic energy 
of the incoming steam at plus adiabatic reversible (isentropic) enthalpy drop across 
it. Note that the latter is greater than because of the friction (irreversibility) in 
the blade, which causes an increase in entropy. Thus 


Vb = 


_ W _ 

m(VJlg,) + A/i™. 


__ 

m[(Vj,/2««) + (hi - h2j)] 


(5-38) 


The stage efficiency Tj^uigc of a reaction stage is the work of the moving blade in 
the stage divided by the adiabatic reversible (isentropic) enthalpy drop for the entire 
stage, including fixed and moving blades. Thus 


T/sUgc 




w 


m A/*, m(/io - bjss) 


(5-39) 


where, as shown in Eqs. (5-37) to (5-39) 

A/ifs = isentropic enthalpy drop across fixed blade 

= bQ - hu (first stage), = hj - h^s (second stage), etc. 

^m* = isentropic enthalpy drop across moving blade 

= hi - his (first stage), = hj - h^j (second stage), etc. 

A/ij = isentropic enthalpy drop across entire stage 

= bo - bis (first stage), - hi - Kss (second stage), etc. 

Note that because of the divergence of the constant pressure lines, the isentropic 
enthalpy drop charged to a row or stage is greater than that for a succession of rows 
or stages or for an entire turbine. In other words 

hi — bis ^ bis — hiss 
(ho — hiss) + (hi — h^ss) ^ ho — h^,s 

The reaction turbine is an efficient machine that is suited for large capacities. For 
a given blade speed, limited by material centrifugal stresses, the steam velocity in a 
reaction turbine is about half that in a pressure-compiounded impulse turbine [compare 
Eqs. (5-35) and (5-17)], resulting in low-friction losses. On the other hand, its work, 
for the same V^, is about half that of an impulse stage [Eqs. (5-36) and (5-18)]. 

Contrary to an impulse stage, a reaction stage has a pressure drop across the 
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moving blades. This makes it less suitable for work in the high-pressure stages where 
AP per unit enthalpy drop is high, which results in steam leakage around the tips of 
the blades, which in turn leads to throttling and a loss of availability. It follows then 
that impulse staging is preferable in the entrance stages of a turbine, when the pressures 
arc high, steam specific volumes are low, and the blade height is small so that steam 
velocities would be correspondingly low. In the low-pressure stages, reaction stages 
are preferred because the AP across the moving blades is less; the blades become 
progressively longer so that the tip clearance becomes smaller relative to the blade 
height, i.e., relative to the steam volume. With large reaction blading, Vg is larger, 
negating the disadvantage of lower power per stage than an impulse stage of the same 


Axial Thrust 

Turbine rotors are subjected to an axial thrust as a result of pressure drops across the 
moving blades and changes in axial momentum of the steam between entrance and 
exit. This axial thrust must be counteracted to keep the rotor in place. 

In impulse turbines, there is no pressure drop across the moving blades if the 
turbine is ideal and little pressure drop caused by friction in a real turbine. In addition 
there is an axial force on the row because of the change in the axial component of 
momentum of the steam from entrance to exit. This is given by (see Fig. 5-5) 

sin (p - Vr2 siu y) (5-40) 

8c 

This axial thrust results in no work. In the case of pure symmetrica] impulse blades, 

= V^r 2 , <f> = y and that thrust is zero. The total axial thrust on an impulse turbine 
rotor is, in any case, small and poses no severe problems. 

The case of the reaction turbine is different. The axial components of the steam 
entering and leaving a reaction turbine are nearly equal (see Fig. 5-14), so that the 
axial thrust due to the change in axial momentum of the steam is, like an impulse 
turbine, essentially zero. There is, however, a large and continual pressure drop across 
the moving blades. Although that pressure drop decreases in the low pressure stages, 
the effect is counterbalanced by an increasing blade height and hence area. The resulting 
axial thrust is quite large and must be coped with. In small turbines, this is done by 
a thrust bearing on the rotor shaft or by one or more dummy pistons (discs) inside the 
casing of sufficient area with high-pressure steam on one face only, the other face 
scaled by a labyrinth packing. 

In modem large utility steam turbines, the common solution is to have double¬ 
flow turbines or turbine sections in which steam enters in the center, expands both 
left and right, and leaves to the next lower-pressure section or to the condenser at 
opposite ends. This gives the turbine an X shape (Fig. 5-16) with each side s axial 
thrust canceling the other. It also results in dividing up the blade heights and hence 
areas and axial thrusts in two and reduces blade tip speeds. 
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Figure 5-16 A double-flow low-pressure turbine section rotor. 


Twisted Blades 

Reaction blades are high, especially in the latter stages. Their height, often one-third 
of the mean blade diameter, reaches 43 in. (about 1.1 m) in some cases (refer to Table 
5-2V The 'velocity diagrams constructed so far in this chapter assumed constant blade 
speeds Vb, given by 

Vb = ttDN ( 5 - 41 ) 



Base 

■ Mean 

-Tip 


Figure 5-17 Effect of reaction blade 
height on entrance and exit angles, 
necessitating a warped radial shape. 
Drawn for same V,,, B, and same exit 
whirl. 
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Figure 5-18 33 1/2-in. reaction blading showing twisted construction [381. 


where D is the diameter of the blade and N the number of revolutions per unit time. 
Although N is constant, D for a high blade obviously is not (high-pressure impulse 
blades, if used, are so short compared with the rotor shaft diameter that Vb for them 
can be considered constant). 

Thus Vb increases with radius from base to tip of the blade, resulting in changes 
in the shapes of the velocity diagrams along the blade length, as shown in Fig. 5-17, 
which is drawn for optimum conditions at midpoint. It can be seen that, assuming V,, 
and 6 do not vary in the radial direction, the blade entrance angle (p increases, and 
exit angle y decreases, from base to tip, which necessitates giving the blade a twisted 
shape. It can also be seen that the degree of reaction varies from base to tip with the 
blade somewhat resembling an impulse blade at the base and having maximum reaction 
at the tip. Such blades are called twisted, warped, or vortex blades. Figure 5-18 shows 
a turbine wheel with 33i-in-long reaction blades with this characteristic (38]. See also 
Fig. 5-21. 


5^ TURBINE LOSSES 
Supersaturation 

When steam expands rapidly from a superheated state across the saturated vapor line 
(point 1, Fig. 5-19), a condition of metastable eguilibrium exists in which the steam 
does not immediately condense upon crossing point 1 Instead there is no change in 
the character of the steam, which continues to follow the laws governing superheated 
steam for some distance past point 1 until a certain lower pressure is reached. At that 
point condensation suddenly takes place, and the condition of the system is once again 
in thermodynamic equilibrium, which has a quality dictated by the pressure and specific 
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Figure 5-19 Supersaturation condition 
and the Wilson line, shown on the Mol- 
lier (h-s) diagram. 


volume (or entropy) at point 2. The phenomenon occurs in both turbines and nozzles, 
where rapid expansion occurs. 

Steam in the region 1-2 is called supersaturated, or undercooled, steam. The 
locus of points 2 at various pressures, really a band or a zone, is called the Wilson 
line (Fig. 1-19). It is about 60 Btu below the saturated-vapor line on the Mollier chart. 

Initial condensation results in liquid droplets of very small diameters and thus 
large curvature (inversely proportional to diameter). The vapor pressure of a highly 
curved surface is greater than that of a flat or less-curved surface at the same temperature 
because a molecule on a highly curved surface is freer to leave that surface as it is 
restrained by fewer adjacent molecules. Droplet diameters below which this effect is 
pronounced are believed to be around 10 A (1 angstrom A = 10^'^ m). Conversely, 
for the same vapor pressure a small drop will be at a lower temperature than a larger 
one or than the saturation temperature corresponding to that pressure. Thus when 
expansion occurs rapidly to a given pressure and no condensation takes place, a lower 
temperature will be reached before the first droplets form. Once they form and grow, 
thermodynamic equilibrium returns to the system. 

This phenomenon is further illustrated by the use of a modified Mollier chart (Fig. 
5-20) that represents the region of most interest in steam-turbine supersaturation. In 
thermodynamic equilibrium, a two-phase mixture at a given temperature has one and 
only one corresponding saturation pressure (e g., 4.74 psia and 160°F). In supersa- 
turation, the steam behaves somewhat like a gas and the temperature lines in the 
superheat region extend into the two-phase region, as shown by the dashed lines in 
the figure. At any given pressure then a supersaturated fluid such as at b has a lower 
temperature, about 105°F, than if it were in thermodynamic equilibrium (160°F). In 



Enthalpy h , Btu/Ib 
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other words, the steam is undercooled. The ratio of actual pressure to the pressure 
corresponding to the lower temperature is called the degree of super saturation, or 
degree of undercooling. 


Example 5-2 Compare the final conditions and the steady-flow work when su¬ 
perheated steam at 11.5 psia and 240°F expands (1) isentropicaily to 4.74 psia 
when expansion occurs to a supersaturated state or (2) slowly and thermodynamic 
equilibrium is maintained. Assume supersaturated vapor obeys = constant. 


Solution The initial conditions (point a. Fig. 5-20) from the steam tables are 
A, = 1165.0 Btu/lb^, V, = 35.88 ftVlb„, and = 1.8047 Btu/(Jb^ ■ °R). 

This steam expands isentropicaily to point b. If it does so rapidly and becomes 
supersaturated, it will behave as a gas and obey Pv' = constant. Thus 


Vb = 

n = T, 



/u 

= 35.88( —j = 70.22 ftMb„ 


- 1)/1.32 


.4 74^ 0 2424 

(240 - 460)(—) = 


564.6°R 


104.6T 


From Table 1-3 


Steady-flow work Wj^ = — {Ph^h “ PayJ 

I - n 

_ 1.32 X 144 / 4.74 x 70.22 - 11.5 x 35.88 
1 - 1.32 V 778.16 

= 60.1 Btu/lb,„ 



Figure 5-20 Modified Mollier chan showing supersaniration (ss, dashed lines) and thennodynamic equi¬ 
librium (te, solid lines). 
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Therefore 

h = K - Wsf = 1165.0 - 60.1 = 1104.9 Btu/lb^ 

If the steam expands slowly and maintains thermodynamic equilibrium, the 
conditions at 6 are obtained from the steam tables at 4.74 psia and St = = 

1.8047 Btu/lb;„, giving -c* = 0.9728, hi, = 1102.9 Btu/lb„, and = 75.18 
ftMb,„. The steady-flow work = h^ - hi, = 1165.0 - 1102.9 = 62.1 
Btu/lb,„. The solution is summarized in Table 5-1. 

It can be seen that supersaturation results in a lower temperature, justifying 
the dual name “undercooling,” lower volume, and reduced work. 

When expansion crosses the Wilson line, it reverts to thermodynamic equilibrium 
by sudden condensation. This releases the enthalpy of vaporization of the condensed 
vapor and results in a sudden pressure rise and reduction in specific volume and 
velocity. The phenomenon is called condensation shock, which is similar, though not 
identical, to normal shocks that occur in supersonic nozzles. It is an irreversible process 
that results in further loss in availability. 


Fluid Friction 

Fluid friction is the biggest cause of all turbine losses. It occurs throughout the turbine. 
There is, to begin with, friction in the steam nozzles. Next there is blade friction, 
which we tried to minimize by decreasing steam velocities by compounding, etc. Also 
there is turbulence in the blades when the blade shape does not possess the proper 
entrance angle for steam at other than design loads. There is also friction between the 
steam and the rotor discs that carry the blades. Here rotor design is important (Sec. 
5-8). In addition, the rotor and blade rotation impart a centrifugal action on the steam, 
thus causing part of it to flow radially to the casing and be dragged along by the 
moving blades. In case of less-than-full steam admission to the moving blades, such 
as for an impulse stage, there is churning in the moving blades. This is called a fanning 
loss. 

Fluid friction losses can amount to about 10 percent of all the energy available 
to the turbine. 


Table 5-1 Comparison of supersaturation and thermodynamic equilibrium 
for the data from Example 5-2 


Properties 

P, psia 

T, T 

I, Btu/(lb„° ■ R) 

h, Btu/lb,„ 

V. 

Btu/lb„ 

Initial 

115 

240.0 

1.8047 

1165.0 

35.88 

_ 

Final,J.V* 

4.74 

104.6 

1.8047 

1104.9 

70.22 

60.1 

Final, tc* 

4.74 

160.0 

1.8047 

1102.9 

75.18 

62.1 


* ss = supersaturation, te = thermodynamic equilibrium. 
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Leakage 

Steam leakage can occur within and to the outside of a turbine. Within the turbine 
steam can leak between the tips of moving blades and the casing when there is a 
pressure drop across them, such as in a reaction turbine. This leakage is greater the 
greater the pressure drop, i.e., in the higher-pressure stages, and the greater the ratio 
of tip clearance to blade height. The leaking steam is throttled and represents a loss 
of available energy. In a pressure-compounded (Rateau) impulse turbine, leakage 
occurs between the base of the stationary diaphragms that carry the nozzles and the 
shaft. 

Leakage can also occur to the outside of the turbine at the various shaft bearings. 
This is minimized by the use of proper seals or packings, such as a labyrinth packing. 

Leakage loss can account for about 1 percent of the total energy available to a 
turbine. 


Moisture Loss 

Besides the losses encountered as a result of supersaturation in the two-phase region 
(above), the presence of liquid droplets causes further losses. These droplets have both 
a size and velocity distribution, not unlike those in a liquid nozzle spray. Some low- 
speed droplets splash against the moving blades, i.e., strike them at off-design angles, 
and thus reduce the mechanical work of the rotor. Others are accelerated by the steam 
and remove some of its energy through momentum exchange. The result is that turbine 
sections that operate in the two-phase region are substantially less efficient than those 
that operate in the superheat region. 

Turbines are usually designed to operate with exit-moisture content of no more 
than about 12 percent (88 percent minimum quality). Higher moisture content (often 
coupled with high oxygen content in boiling-water reactors) cause blade erosion as a 
result of the impingement of water droplets on the blades, surface washing, and the 
so-called wire drawing caused by high-velocity water leaking through narrow passages. 
Oxygen, in addition, causes corrosion. If steam expansion causes higher moisture 
content than 12 percent, moisture extraction at certain stages in the turbine is resorted 
to keep the moisture content within this limit. This is the practice in boiling-water 
reactor turbines, for example. The moisture extracted represents a mass-flow, and 
hence work, loss to the turbine, though this effect can be minimized by combining it 
with bled steam for feedwater heating. Moisture extraction can be accomplished by 
constructing the moving blades with grooves on the back side, where the drops are 
known to collect (Fig. 5-21). The drops are then thrown radially by the centrifugal 
force of the rotating blades into a collecting chamber in the casing where they may 
be bled to a feedwater heater or the condenser [39]. 

From an operational point of view, contaminants in the steam besides oxygen, 
such as particulate matter and chemicals such as sodium and chlorine from water 
treatment operations, can cause stress-corrosion cracking (caused by otherwise tolerable 
stressing, but in a corrosive atmosphere) and erosion. This calls for better water- 
chemistry control, monitoring, and maintenance [40]. 
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Figure 5-21 A grooved moisture-extracting turbine blade [39]. 


Leaving Loss 

We have noted a velocity residual in individual turbine stages, both impulse and 
reaction. The corresponding kinetic energy is usually recovered in subsequent stages, 
except for that due to the last row in the turbine. The velocity leaving this row, as a 
result of low-pressure steam of maximum specific volume, and the corresponding 
kinetic energy represent a loss to the turbine. This velocity is approximately normal 
to the plane of rotation near rated load but has a large forward component at lighter 
loads. The magnitude of this velocity can be changed by the designer by the proper 
combination of last-blade height, speeds, and area of the exhaust ducts to the condenser. 
(We already noted that low-pressure turbine sections are double-flow and have two 
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exhaust ducts each.) Whereas high leaving velocities result in energy loss, velocities 
that are too low result in inordinately high blades, large exhaust ducts, and increased 
capital costs. In modem large turbines, leaving velocities around 900 to 1000 ft/s (270 
to 300 m/s) are typical. They result in a 2 to 3 percent loss to the turbine. 

Exhaust hoods to the condenser that gradually increase in area like a diffuser 
further decrease the exhaust-steam velocity and increase its pressure as it enters the 
condenser. Such hoods allow the turbine to operate down to a slightly lower pressure 
than that required by the condenser (which is dictated by the available cooling-water 
temperature), thus increasing the turbine work. This practice is more common with 
3000- and 3600-r/min than 1500- and 1800-r/min turbines because the latter have larger 
blades and exhaust ducts to begin with. 


Heat-Transfer Losses 

Heat-transfer losses from turbines, as usual, are caused by conduction, convection, 
and radiation. Conduction occurs internally through metal between stages and is aided 
by convection, which is largely the result of the high steam velocities. Conduction 
also takes place between the turbine casing and the foundation. Convection and ra¬ 
diation losses occur from the turbine casings to the surroundings in the turbine hall 
and are more pronounced for the high-pressure section, where steam temperatures are 
the highest. That section, however, is smallest in diameter and is usually well insulated. 
The larger low-pressure sections operate with steam not much above room temperature, 
and are usually uninsulated. 

Although a turbine hall usually feels warm, the total heat losses per unit mass 
flow of steam of large turbines are so small that they are negligible. This is not the 
case, however, with small turbines, such as those used for mechanical drives, for 
which the heat-transfer losses usually amount to several percent of the turbine energy. 


Mechanical and Electrical Losses 

Now that the turbine has extracted work from the system, it must deliver it to the 
electric generator. In so doing, it encounters frictional losses in bearings, governor 
mechanism, and reduction gearing, if present. It must also supply mechanical work 
to accessories such as oil pumps, etc. 

Mechanical losses are practically constant and independent of load and thus in¬ 
crease in percentage as load decreases. On the other hand, the percentage is also 
smaller the larger the turbine. In general, mechanical losses are fairly small, amounting 
to 1 percent or less of the turbine energy. 

As turbines are usually rated by the electric generator output, a knowledge of the 
extent of generator losses is essential. Modem large electric generators are hydrogen- 
cooled, well designed, and very efficient. Efficiencies around 98 to 99 percent are 
common, increasing slightly with load, and are somewhat higher for 1500- and 1800- 
r/min than 3000- and 3600-r/min generators. 
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5-7 TURBINE EFFICIENCIES 

We have already seen that, because constant pressure lines diverge on a Mollier chart 
(true also for gases), the isentropic enthalpy drops charged to a turbine stage are greater 
than those for multiple stages and for the entire turbine. It follows that the efficiency 
of a stage is less than that of a turbine section, etc. This can be seen with the help of 
Fig. 5-15 for a reaction turbine, though it applies to all turbines 

Efficiency of 2 stages = ^ > efficiency of 1 stage 

ho -- AI 4 ,. n2 - 

The ratio of the total individual isentropic enthalpy drops to the enthalpy drop of 
a turbine section or whole turbine is called the reheat factor Rf,. Rf, is obviously greater 
than 1.0, with values ranging between just above I .O to perhaps 1.065, depending 
upon the pressure range. For the two stages of Fig. 5-15 


Rh 


(ho - h2j 4 - (/?2 - h^J 

ho ~ ^4is 


(5-42) 



0.2 0.5 1 2 5 10 20 50 


inlet volume Row per end, 1 , 000,000 ftVh 

Figure 5-22 Typical stage group efficiencies for turbine section operation in superheat region as a function 
of steam inlet volume flow and ratio of bowl (inlet) pressure to group exhaust pressure. Leaving loss not 
included [41]. 
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If the designer wishes to have ecjual work from the stages, dividing the isentropic 
enthalpy drop lor the whole turbine in equal parts will not, because of the divergence 
of the pressure lines, result in equal actual work in each stagey that is, if ho — /i 2 „ = 
it does not follow that = /12 ~ ^4 To get the same actual work, 

the designer must take into account this divergence. 

We have also seen that turbine stages operating in superheated steam are more 
efficient than those operating in the two-phase region. The performance and efficiency 
of stages or of a whole steam turbine are undoubtedly a complex function of many 
variables. Accurate knowledge of the condition curve of a turbine, which is affected 
by the individual stage rather than the whole turbine efficiency, is necessary, for 
example, to do the cycle analysis in reheat and moisture-extraction turbines. 

Methods for predicting the pierformances and efficiencies of various steam turbines 
are often manufacturer’s proprietary information, but some may be found in the lit¬ 
erature [41, 42]. One such method |41| predicts the performance of large turbines 
used in modem nuclear powerplants operating with low-superheat or saturated steam 
in Figs. 5-22 and 5-23 for the superheat and two-phase regions, respectively. These 
figures give base efficiencies for a volumetric flow ( 10 '^ ftVh. 7.867 mVs) and other 
data. Corrections for the departure from these data are available in the original paper. 



J^igure 5-23 Typical stage group efficiencies for turbine section operating in two-phase icgion as a function 
of bowl (inlet) pressure and ratio of bowl pressure to group exhaust pressure. Leaving loss not included 
141], 
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5-8 TURBINE ARRANGEMENTS 
Combination Turbines 

In earlier limes, turbines used to be built as pure impulse, of one type or another, or 
pure reaction. With the expiration of patents, manufacturers were free to use combi¬ 
nations, especially in medium and large sizes. One popular arrangement used to be a 
Curtis stage (two-row velocity-compounded impulse) followed by a series of Rateau 
(pressure-compounded impulse) stages. Another was a de Laval (single-stage impulse) 
followed by a Rateau or reaction turbine. 

A more common arrangement is a combination of a Curtis stage followed by a 
large number of reaction stages. There are certain advantages of this arrangement. 
The impulse stage is more suited to the high pressure of admission than the reaction 
stage because there is virtually no pressure drop in the moving blades. Recall that for 
the same enthalpy drop, a much larger pressure drop occurs at high pressure. Also 
the clearance between the blade tip and the casing is greater for the shorter high- 
pressure blades, which aggrevates the leakage problem should there be a pressure drop 
acrofifs the moving blades. After the impulse stage, the pressure is sufficiently low that 
the more efficient reaction stages can now be used. They become progressively longer, 
the clearance proportionately less, and the pressure drop across their moving blades 
progressively less. 

Partial admission to the Curtis stage, because of the limited number of nozzles 
around the periphery, is conveniently used for governing. The nozzles are arranged 
in groups, each receiving steam through a valve that is actuated by the governor. The 
valves open in succession as demanded by the turbine load. Such a stage is called a 
governing stage or a control stage. 

A pressure drop naturally occurs in the governing stage, depending upon total 
steam flow (load) and number of nozzles in effect. Usually the pressure drop is larger 
the lighter the load. 

The governing stage has an additional peripheral advantage in that large pressure 
and temperature drops occur in the fixed nozzles, thus subjecting the turbine proper 
to greatly reduced pressures and temperatures, an important factor in modem turbines 
that use high-pressure and high-temperature steam. 


Turbine Configurations 

We have noted the necessity of double-flow turbine sections to cancel out the axial 
thrust (Sec. 5-5). In addition, modem large turbines, dictated by practical design and 
manufacturing considerations, are made of multiple sections, also called cylinders, in 
both tandem (on one axis) or cross-compound (on two parallel axes) arrangements 
(Table 5-2). The sections may be one high-pressure (HP), one intermediate-pressure 
(IP), and two low-pressure (LP) sections, all in tandem, but with the two LP sections 
dp^tihg in parallel as far as steam flow is concerned. They may be one HP, three 
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Table 5-2 Turbine-generator configurations'*' 


Fossil Fossil Nuclear 



' Data provided by the General Electric Company. TC = tandem compound, CC = cross compound, F = number 
of flow ducts to condenser, LSB = last-stage blade. 


LP, etc. The multiciplicity of the LP sections further reduces the blade lengths, giving 
for example, last-stage-blade or -bucket (LSB) lengths of 43 in for a lOOO-MW, 1800- 
r/min (water-cooled nuclear reactor) turbine; 33.5 in fora 1000-MW, 3600-r/min (fossil 
and high-temperature nuclear) turbine; etc. 

Configurations are also affected by admission requirements. Figure 5-24a shows 
a number of straight-through turbine sections (for simplicity). Figure 5-24^ shows a 
turbine with single reheat (steam expanding part way, reheated in the steam generator, 
and readmitted to the turbine). Figure 5-24c shows an extraction turbine in which 
steam is bled for feedwater, for process steam uses (cogeneration. Sec. 2-15), or both. 
Figure 5-2^d shows an induction turbine, the reverse of an extraction turbine, in which 
low-pressure steam is injected at a low-pressure stage. This low-pressure steam comes 
from a process, in special-design utility boilers as Dresden I nuclear powerplant or 
early British gas-cooled reactor systems [3], or in some combined gas-turbine-steam- 
turbine cycles (Sec. 8-11). 
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ic) id) 

Figure 5-24 Turbine arrangements as affected by different steam paths; (a) straight through; (h) single 
reheat; (c) extraction; (d) induction. 


Figures 5-25 and 5-26 show cross sections for a 3600-r/min fossil-fueled turbine 
and a 18(X)-r/min nuclear-fueled turbine, respectively. 


Turbine Rotors 

The rotor is the heart of the turbine. Current designs are shown in Fig. 5-27. Figure 
5-27j and b shows two versions of a rotor produced from a single forging. Figure 5- 
21c shows a composite construction produced by shrinking rotor discs on a central 
shaft. Figure 5-21d shows a drum-type rotor composed of separate rotor discs that are 
welded together. This last design is receiving acceptance for the very large units being 
built today, 500 to 1000 MW and larger, which would otherwise be extremely heavy 
and uneconomical and would pose severe mechanical problems. 

Materials for such rotors arc carefully chosen to yield lasting resistance to softening 
and creep, receive uniform heat treatment, and have lasting ductility and good resistance 
to scale. Besides materials, attention must be paid to manufacturing methods and 
operating stresses [43]. 

Water-cooled nuclear-reactor turbines pose fewer problems than fossil-fueled tur¬ 
bines because they operate with lower steam temperatures, around 540°F versus 1000°F 
(285°C versus 540°C). 
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Figure 5-27 Different turbine rotor designs. 


5 9 GAS TURBINES 

Gas turbines for utility service are normally used for peak power production but 
sometimes also for intermediate and base-load duties when called upon during a major 
plant outage. Gas-turbine cycles will be covered in Chap. 8. 

There are two basic types of gas turbines: radial-flow and axial-flow. The radial- 
flow gas turbine is similar in appearance to a centrifugal compressor, with the exception, 
of course, that gas flow is radially inward instead of radially outward. Radial-flow 
turbines are widely used in small sizes. They form a compact rigid rotor when combined 
with centrifugal compressors. A common use of such a combination is for turbo¬ 
chargers on stationary and marine diesel engines and, more recently, on both diesel 
and gasoline motor vehicle engines. Radial gas turbines, however, are not as suitable 
to the high-temperature gases necessary for good thermal efficiency (Chap 8), and 
except for small sizes, are not as efficient as axial gas turbines. Axial-flow gas turbines 
resemble the steam turbines discussed in this chapter. Because we are concerned with 
larger sizes, the discussion that follows pertains to axial-flow gas turbines. 

Gas-turbine stages are similar to those of steam turbines, except that the fluid is 
either a pure gas, such as helium, which is proposed for use with high-temperature 
gas-cooled nuclear reactors, or air-and-combustion products in a fossil-fueled gas 
turbine. There are, obviously, no steam-condensation problems to worry about. 

The inlet pressures to gas turbines are much lower than those for steam turbines, 
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being about 6 to 10 atm in fossil-fueled gas turbines and about 2 to 3 atm in helium 
turbines. The number of stages in fossil-fueled turbines is small, usually one to three, 
but the number is much larger in helium turbines. This can be shown by recalling that 
blade velocity Vb is a direct function of gas velocity Vfl.op( = cos 6 [Eq. (5- 
35)], The gas velocity can be obtained, ignoring inlet velocity to the fixed blades 
from 

^ = ho - K = c, {To - L) (5-43) 


where the subscripts o and s indicate entrance and exit of the fixed blades or nozzles. 
For a gas in ideal expansion 



(5-44) 


where = PJPs, the pressure ratio across the fixed blades. Combining Eqs. (5-43) 
and (5-44) 



For helium k and, particularly, Cp are greater than for air (approximating combustion 
gases). Equation (5-45) shows then that the pressure ratio across a single stage (related 
to that across the fixed blades by the degree of reaction) is much lower for helium 
than for air. Thus while the overall pressure ratio of a helium turbine is less than that 
of a combustion turbine, the pressure ratio per stage is far less and the number of 
stages is greater. Note that the overall pressure ratio is equal to the pressure ratio per 
stage to a power equal to the number of stages. A cross section of a 36-MW air- 
combustion turbine with a 16-stage compressor and a 3-stage turbine is shown in Fig 



Figure S>28 A proposed design for a helium-driver gas turbine, dimensions in millimeters [44]. 
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8-12. Figure 5-28 shows a cross section of a proposed design for a single-shaft, 600- 
MW helium turbine showing, from left to right, 9-stage low-pressure, 10-stage me¬ 
dium-pressure, and 12-stage high-pressure axial compressors, and a double-flow tur¬ 
bine with a total of 20 stages [44]. 


Gas-Turbine Blading 

In steam-turbine practice, relatively inexpensive straight blading, i.e.. untwisted, is 
used and designed on conditions at mean diameter, except in the long-bladed low- 
pressure stages where the large change in blade velocity with radius necessitates the 
use of twisted or vortex blading. The gas-turbine (Brayton) cycle is not as efficient 
as the Rankine cycle, and the gas-turbine designer, striving to squeeze improvements 
in efficiency from every stage, has used twisted blading throughout. Gas-turbine blad¬ 
ing is invariably of the reaction type, meaning, as in steam-turbine blading, part reaction 
and part impulse, but the degree of reaction increases from blade root to tip. Hence 
it has not been the practice of the gas-turbine designer to designate a degree of reaction, 
or even impulse and reaction blading, but rather to use the so-called vortex theory 
‘45, 461. 

A detailed discussion of vortex theory is beyond the scof)e of this book. We shall 
assume for simplicity that the degree of reaction is constant along the blade and hence 
draw the velocity diagrams for gas-turbine blades in the same manner* as steam-turbine 
reaction blades (Sec. 5-5). The velocities, however, are calculated from gas relation¬ 
ships. Helium, being a monatomic gas, has constant specific heats and is relatively 
easy to do. Combustion-gas properties can either be approximated by variable specific 
heat air (the air-to-fuel ratios are usually high) or obtained by the use of gas tables 
that take into account variable specific heats, the fuel-air mixture, and dissociation, 
App. I [48]. 

For the case of helium, or other gas with assumed constant specific heats, the 
enthalpy drop across the turbine A /?7 per unit mass-flow is given with reference to Fig. 
5-29 by 

^hr = c,{T, - r.) (5-46) 

= r^,/‘ - ■>'* (5-47) 

* o 

and = Tjr (5-48) 

' e,5 

where To and T, — the inlet and exit temperatures, °R or K, respectively 

, = exit temperature if turbine were adiabatic reversible, °R or K 


* We may add here that, in gas-turbine practice, blade and velocity angles are measured from the axial 
direction instead of the tangential direction as in steam practice and as we have done throughout this chapter. 
This practice we will ignore here and continue the same procedure as for steam blading 
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Fif^re 5-29 T-s diagram for gas tur¬ 
bine expansion. 


Cp = specific heat at constant pressure = 1.250 Btu/(lb^ • °R) 
or 5.233 kJ/(kg • K) for helium and 0.240 Btu/(lb^ • "'R) 
or 1.005 kJ/(kg ■ K) for air at low temperatures 

k = ratio of specific heats = 1.659 for helium and 1.40 for air 
at low temperatures 

rp j = pressure ratio across turbine = ratio of inlet pressure P^, 
to exit pressure P, 

jfr = turbine polytropic (adiabatic, or isentropic) turbine efficiency 

For equal work by the stages, the total temperature difference To - is divided 
equally (for constant specific heat), and the stage exit temperatures, and pressures, 
arc found. For example, Tj and are the exit temperatures of the first and second 
stages in a three-stage turbine (Fig. 5-29). The stage is now divided according to the 
degree of reaction. For a 60 percent reaction in the second stage for example, the 
fixed-blade exit temperature, is found from {T 2 - T^)I{T 2 - T^) = 0.40. The fixed- 
blade exit velocity, and the moving blade inlet velocity is obtained from the nozzle 
equation for gases 

= 2gJCp(T2 - T 3 ) (5-49) 

where the inlet velocity to the fixed blades, is obtained from the velocity diagram 
of the previous stage, and J = 778.16 ft ■ Ib/Btu, if English units are used. may 
be negligible, however. 
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The velcKity diagrams are now constructed in the manner of Figure 5-14, using 
Eqs. (5-31) and (5-32) where here = Cp(T 2 - T^) and = CpiT^ - T 4 ). 

For the case of combustion gases with variable specific heats, products of com¬ 
bustion and dissociation, the gas tables [8] (see App. I) are used. This is best illustrated 
by an example. 

Example 5-3 A gas turbine using 200 percent theoretical air receives combustion 
gases at 2460°R. The first stage has a pressure ratio of 2.0, an efficiency of 0.9, 
and a 60 percent reaction (assumed constant along the blades). Referring to Figs. 
5-14 and 5-29, take 9 = 20°, Vn corresponding to optimum, and calculate (1) 
the stage exit temperature T 2 , (2) the fixed-blade exit temperature T, and velocity 
Tji, (3) the moving-blade inlet and exit angles, and (4) the exit velocity for zero 
exit whirl. The molecular weight of the gases is 28.88. 

Solution Using the gas tables for 200 percent theoretical air, App. I: 

19168.6 

= 2460°R, = - = 663.7 Btu/lb^, and= 521.1. 

28.88 


Thus 


Pr2 


521.1 

2 


260.55 


r., = 2099.7"R h., = 555.4 Btu/lb^ 


Therefore 


^stagc 0.9 


h^) - hn 


K - ^2, 


/12 = 566.2 Btu/lb^ 


Thus 


T 2 = 2135.8°R 

For the stage = ho - hj = 97.5 Btu/lb^. For 60 percent reaction Ahf = 0.4 
X 97.5 = 39.00 Btu/lb,„. /i, = /lo - 39.00 = 624.7 Btu/lb„. Thus 

r, = 2331.3°R 


Therefore 

T,, = V2 X 32.2 X 778.16 x 39.00 = 1398.0 ft/s 

cos e = 1398.0 cos 20 = 1313.7 ft/s 


0, = 90' 
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^ri = Vs] sin 6 = 478.1 ft/s 

= 0.6 X 97.5 = 58.50 Btu/lb^ 

- y^. 

^ = ^h^ = 58.50 X 778.16 = 45524.0 ft-lb, 

2g, 


Therefore 


Vr 2 = V2 X 32.2 X 45524.0 + 478.1^ = 1777.7 ft/s 


For zero exit whirl 6 = 90°. Thus 




1313.7 


y = cos — = cos - 

^ V,2 1777.7 


= 42.3° 


V ,2 = Vr 2 sin y = 1777.7 sin 42.3 = 1197.7 ft/s 


PROBLEMS 

5-1 A flat plate mounted on wheels, Fig, 5-2a, receives a perpendicular jet of water from a 5-cm^ nozzle 
at a velocity of 20 m/s. calculate the maximum power, in watts, imparted to the plate and the velocity of 
the plate, in meters per second, corresponding to that maximum power. Take water density as 1000 kg/m^ 
5-2 A large movable cylindrical blade. Fig. 5-2b, receives a jet of air of 1-in^ cross-sectional area. The 
air is at 2-atm pressure and lOOO^F. Find the necessary air velocity, in feet per second, to produce a 
maximum power to the blade of 45 kW. 

5-3 Steam enters a single-stage impulse (DcLaval) turbine at 900 psia and 9()0°F and leaves at 300 psia. 
Flow is adiabatic and reversible. The nozzle angle is 20°. The blade speed corresponds to maximum blade 
efficiency. The moving blade is symmetne. Determine the velocity diagram and find {a) the velocity of the 
steam leaving the nozzle, in feet per second, (h) the blade entrance angle, (r) the horseptiwer developed 
for a steam flow of 1 Ibjs, and (d) the blade efficiency. 

5-4 A single-stage impulse turbine is required to develop 50 MW of power. Steam enters the nozzles 
saturated at 70 bars and leaves at 50 bars. The blades are symmetneal and have a velocity coefficient of 
0.96. Calculate (a) the minimum steam flow, in kilograms per second, that would result in the required 
power, (b) the blade efficiency, and (r) the stage efficiency. 

5-5 Steam expands ideally in a turbine from 2500 psia and 1000°F to 1 psia. Compare the maximum steam 
velocities and the number of stages required by (a) a velocity-compounded impulse turbine, (b) a pressure- 
compounded impulse turbine, and (c) a 50 percent reaction turbine if the optimum blade velocity may not 
exceed 885 ft/s in any of them. Take all nozzle angles to be 25°. 

5-6 1.08 X 10*^ Ib,^ of steam enter a Curtis stage with an absolute velocity of 4000 ft/s. The nozzle angle 
and discharge angle of stationary blades are both 20°. The moving blades are symmetric and rotate at 600 
ft/s. Assuming ideal steam flow in the nozzle and blades, determine the velocity diagram and find (a) the 
power, in horsepower and megawatts, developed in the stage, and (b) the blade efficiency. 

5-7 A Curtis stage receives 3 6 x 10* Ib,^ of .steam at 2380 ft/s and 20° angle. The blade speed is 550 
ft/s. The velocity coefficients in moving and stationary blades arc 0.905 and 0.932, respectively. Determine 
the velocity diagram and find (a) the total stage power in feel-pound force per second, horsepower, and 
kilowatts and (b) the blade efficiency of the stage. 

5-8 Steam enters a Curtis impulse stage at 1000 psia and 1000°F, and exits at 1 atm. The nozzle angle is 
20° and its efficiency is 87 percent. The fixed blade exit angle is 25°. The moving blades are symmetrical. 
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All velocity coefficients are 0.97. For optimum work, calculate (a) the blade velocity, in feet per second. 
ih) the work done by each stage, in Btus per pound mass of steam, (r) the stage efficiency. 

5-9 A Rateau turbine operating between 1000 psia and 1000°F and 1 atm has symmetrical blades, nozzle 
angles of 20°, nozzle efficiencies of 97 percent, and velocity coefficients of 0.97, (The same data as that 
for the Curtis stage in Prob. 5-8). Calculate (a) the number of stages necessary to limit the optimum blade 
velocity to that of the Curtis stage (1009.6 ft/s), (h) the work of each stage, in Btus per pound mass, (r) 
the turbine efficiency, and id) the percent error in steam inlet vekxrity to the second stage due to ignoring 
the absolute steam velocity leaving the first stage. 

5-10 A 50 percent reaction turbine operates between 1000 psia and 1(XX)°F and 1 psia (the. same conditions 
as for the velocity-compound and pressure-compound impulse turbines of Probs 5-8 and 5-9). All steam 
expansion efficiencies in fixed and moving blades are 87 percent. All steam absolute angles {B and y) are 
20° The turbine has the same optimum blade speed as the impulse turbines of Probs. 5-8 and 5-9 (1009.6 
ft/s), assumed constant for all stages for simplicity (ii) Find the number of stages, ih) determine the steam 
vcIcKiiy diagram, (() calculate the work done by each stage, in Btus per pound mass, and id) calculate the 
first stage efficiency. 

5-11 A two-nozzle acolipile similar to that of Hen) of Alexandna contains saturated steam at 6 bars and 
exhausts to 1 atm The nozzles are 60 percent efficient, have exit areas of 20 cm" each and their areas are 
2 m apart Calculate the torque, in joules, on the turbine shaft. 

5-12 Consider one stage in a 50 percent reaction turbine I lb,^s steam enters the stage at l(X) psia and 
400°F and leaves at 40 psia The adiabatic efficiency of the stage is 0.90. The blades have exit angles of 
2(f The blade-speed ratio (blade velcK'ity to incoming steam vel(Kity) is 0.8. Determine the velocity diagram 
and find (a) the pressure at the exit of the fixed blades, in psia, ih) the blade speed, in feel per second, 
and (c ) the horsepower developed in the stage 

5-13 A 50 percent rection stage in a steam turbine undergoes a total of 20 Btu/lb,„ enthalpy drop. The 
nozzle efficiency and angle are 88 percent and 25°, respectively. The blades move at 420 flJs and have 
V'm 332 ft/s, = 386 ft/s, and y - 22°. The steam flow is 1.08 x 10* IbjTi. Find ia) the work done 
by the stage in horsepower and megawatts, ih) (he blade efficiency, (c) the stage (nozzle and blade) efficiency, 
and id) the blade velocity corresponding to maximum efficiency, in feet per second. 

5-14 A reaction turbine has 33-in-long blades that receive a constant steam velocity 800 ft/s along their 
entire lengths. The blades are designed for optimum conditions at midlength They are attached to a 60- 
m-diameter rotor. Assuming ideal fnctionless flow, calculate the blade entrance and exit angles (</> and y) 
at the ba.se, midpoint, and tip of the blades, respectively Assume a constant exit whirl along the length of 
the blades 

5-15 A steam turbine having N stages develops 20.(KX) hp when receiving 110,(X)0 lb„yh, 800 psia, 900°F 
steam, and exhausting at 1 psia. All stages have equal enthalpy drops and equal efficiencies. For a reheat 
factor r^, - 1.07, find ia) the individual stage efficiency and ih) the turbine efficiency. 

5-16 10* Ib^h of steam enters an ideal steam turbine stage at 100 psia and 350°F and leaves it at the Wilson 
tine, assumed in this case to occur at 50 psia. Calculate the stage exit temperature, in degrees Fahrenheit, 
and the fxiwer produced in the stage, in megawatts, in the cases of (a) supersaturation, assuming that 
supersaturated steam expansion may be represented by perfect gas laws with a polytropic exponent n ~ 

1 32, and ih) thermodynamic equilibrium 

5-17 Consider a simple combination turbine with one Delaval impulse stage and one 60 percent reaction 
stage. The nozzle of impulse stage receives steam at 900 psia and 900°F and leaves it at 300 psia. The 
nozzle efficiency is 97 percent and its angle is 20°. The blade speed is optimum and its velocity coefficient 
IS 0.95 The impulse stage is followed on the same shaft by the reaction stage which exhausts to 100 psia. 
The steam entrance angles for that stage are also 20°. The efficiency of the fixed blades (nozzles) is 90 
percent Because of different diameters of (he impulse and reaction moving blades, the velocity of the 
reaction blade is 1.5 that of the impulse blade, (a) Determine all steam velocities and draw the velocity 
diagram of the combined turbine, ih) calculate the work of each stage, in Btus per [)ound mass, and (r) 
calculate the individual stage and the turbine efficiencies. 

5-18 It is required to compare the design of an ideal helium to an ideal air gas turbine. Both have the same 
inlet gas temperature of 2000°R and maximum gas velocity of 1250 ft/s. Find the number of stages of each 
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if the overall pressure ratios are 2 lor the helium turbine and 6 lor the air turbine. Take ( 7 , ^ 1.25 Biu 

Ib^, "'R for helium and 0 245 Btu Ib,^ "R for an 

5-19 A gas turbine conipvised of tuo reaetion .stages receives 1 lb„,/s of combustion gases (assumed to be 
pure air) at HO psia and IHfKf'h It exhausts at 15 psia All stages are 50 jxmceiil reaction. Flow is considered 
adiabatic and reversible The blade exit angles are 20' The blade speeds correspond to maximum efficiency 
Boifi stages produce equal power Determine the vehxity diagram and find the turbine power in horscfxiwei 
and megawatts hor simphcits, assume - constant, and j,, 0.24 Btu Ib^ R and A; - 1.4 

5-20 An ideal helium gas turbine has six rovss ol 50 percent reaction blades and an overall pressure ratio 
of 2 5 All stages have the same enthalpy drop. The maximum helium ten^X'rature is lOOOT. The blade 
speed corresponds tir optimum work All blade entrance angles are 20 C’onsidermg the high pressure stage, 
determine the veUxilN diagram, and calculate (a) the helium exit temperature and (/>) the htirsepower and 
megawatts develojx'd m the stage for a helium flow of 1 lbr„.'s. 

5-21 An ideal gas turbine receives combustitm gases at 0 atm and 2lHK)'h. and exhausts to 1 atm It has 
twv) stages of 50 fxncent reaction blading producing equal work fxr stage y - 20'. V , " V’l ('onsidei 

the turbine to be adiabatic aiul reversible for the high pressure stage la) draw the velocity diagram, assuming 
optimum blade spexxl, t/o Iind the horsepower lor 1 lb,„/s air flow , and (t ) the blade efficiency hor simplicils 
assume the gases have a constant r - 0.24 Blu lh,„ R I 14 

5-22 .An ideal gas turbine composed of two reaction stages receixes 1 lb„,.2s ol combustion gases with 2(K) 
percent theoretical air ai HO psia and i HOO'F li exhausts at 15 psia All stages are 50 percent reaction I he 
blade exit angles arc 20 The blade speeds correspond to maximum effiviencs Both stages produce equal 
fxiwer Determine the velocity diagram arul find the turbine power m kilowatts, lor simplicity, assume V/, 
constant Fhe molecular weight of the gases is 2K HH I se the gas tables, .App I 
5-23 .A reaction gas turbine stage with 5^-i 1(> percent degree ot reaciiori (based on an i.sentropic enthalpx 
drop) receives !()^’ lb,,,/s ol unnbustion gasses with 20 o j.x:rcent theoretical an at 25(>0'R The pressure ratio 
across the stage is I 4H7 The fixed blades (nozzles) exit angle is 22 and their etiiciency is Hb 72 i>ercent 
The stage efliciency is H.s 44 perceni The moving blade speeds are optimum The molecular weight ol tfu. 
gases is 2H HH L.'smg the gas tables determine (he velociiv diagram and (.alculatc la) the gas velociiv, 111 
leet per second, and temperature, in degrees Rankme, entering the moving blades, (h) the gas velocity, 111 
feet f)er second, and temperature, in degrees Rankme. leaving the stage, and the stage power, m megawatts 
5-24 A reaction gas turbine stage with 54 , |p percent degree of reaction receives combustion gases wiiti 
2(K) percent theoreiical an at 25b() R The pressure ratio across the stage is 1 4H7 The fixed blade (nozzle 1 
efhciencv is Hb 72 percent The stage efliciency is H3.^M fxrcent. Calculate (n) the gas velocity entering 
the moving blades, in feet per secmid, t^) Ihe stage efficiency, and (r) the f>ower developc'd, in megawatts 
d’he molecular weight iil the gases is 2H HH 



CHAPI'BR 

_S]^ 

THE CONDENSATE-FEEDWATER SYSTEM 


6-1 INTRODUCTION 

We will now' continue following the working fluid around the powerplant y'ycle. We 
started with steam generation and combustion in Chaps, 3 and 4 and then/continued 
on with turbines in Chap. 5. In this chapter we will cover (he major components that 
make up the condensate-feed water system, which takes us hack to the steam generator. 
These are primarily heat-transfer equipment, such as the condenser and feedwater 
healers, hut they also include some impoitant iteiiis that are necessary lor the efticient 
operation of the cycle, such as boiler water makeup and treatment. 

The plant hcat-rciection system, which deals with the circulating cooling water 
ol the condenser, requires separate and special attention and will he covered in the 
next chapter. 

The primary purpose of the condenser is to condense the exhaust steam from the 
turbine and thus recover the high-quality feedwater for reuse in the cycle In so doing. 
It actually performs an even more useful function. If the circulating cooling-water 
temperature is low enough, as is usually the case, it creates a low back pressure 
'vacuum) for the turbine to exhaust to. This pressure is equal to the saturation pressure 
that corresponds to the condensing steam temperature, which in turn is a function of 
the cooling-water temperature. As is now known, the enthalpy drop, and hence turbine 
work, per unit pressure drop is much greater at the low -pressure than the high-pressure 
end of a turbine A condenser, by lowering the back pressure by only a tew psi, 
increases the work of the turbine, increases the plant elhciency, and reduces the steam 
how for a given plant output. The lower the pressure, the greater the effects; hence, 
thermodynamically, it is important to use cooling-water temperatures that arc the lowest 
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available. Condensing powerplants are therefore much more efficient than noncon¬ 
densing ones. All modem powerplants are of the condensing type A condenser is a 
major and very important piece of equipment in a powerplant. 

There are primarily two types of condensers; direct-contact and surface con¬ 
densers. The latter are used in the majority of powerplants. 

The main purpose of feedwater heaters (Chap. 2) is to improve cycle efficiency 
by heating the condensate and feedwater before returning it to the steam generator. 
The heating could be as high as 4(X) to 5(X)°F (2(X) to 260°C) in a lossil-luelecl 
powerplant but is lower in a water-cooled nuclear-reactor pniwerplant. There are also 
two basic types of feedwater heaters; the closed, surface or shell-and-tube type, and 
the open, direct-contact or deaerating type. 


6-2 DIRECT-CONTACT CONDENSERS 


Direct-contact, or open, condensers are used in special cases, such as when dry 
cooling towers are used (Sec. 7-6), in geothermal powerplants (Chap. 12), and in 
powerplants that use temperature differences in ocean waters (OTHC) (Chap. 15) 
Modem direct-contact condensers are of the spray type. Early designs were ol the 
barometric or jet types. 

The Spray Condenser 

Direct-contact condensers, as the name implies, condense the steam by mixing it 
directly with the cooling water. In the spray condenser this is done by spraying the 
water into the steam. Thus turbine exhaust steam at point 2, Figs 6-1 and 6-2, mixes 
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system 

Figure 6-1 Schematic flow diagram of a direct-contact condenser of the spray type SJAE - steam jet air 

ejector. 
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Figure 6-2 T s diagram of conden¬ 
sate and cooling water in a direct- 
contact condenser system (Differ¬ 
ence between line 4-.S and saturated 
liquid line is exaggerated) 


with cooling water at 5 to produce nearly saturated condensate at 3, which is pumped 
to 4. Part of (he condensate, equal to the turbine exhaust [low, is sent back to the 
plant as feedwater. The rest is cooled, usually in a dry- (closed ) cooling tower to 
point 5. The cooled w^atcr at 5 is sprayed into the turbine exhaust, and the process is 
repeated. Thus cooling water continually circulates. Its purity must be maintained 
because it mixes with the steam, hence its use with closed-type dry-cooling tower. 
Otherwise the mixture at 4 is discarded, as in geothermal or OTEC plants. 

A mass balance on the system, where m denotes mass-flow rates, gives 

m. - nu ( 6 - 1 ) 

and =- 

An energy balance, where h denotes specific enthalpies, gives 

m2h^ + nishs = (b-2) 

and the ratio of circulating cooling water l(^ steam How is given b\ 

^ ^ h: -Jh ^^, 3 ) 

rhi - hs 

Thus circulating-water flow is much greater than steam flow because - hy represents 
a large fraction of the large latent heat of vaporization at the reduced pressure, whereas 
/i, ~ /i, represents the much smaller sensible heat ol the liquid. 

Example 6-1 Find the ratio of circulating water to steam flows if the condenser 
pressure is 1 psia and the cooling tower cools the water to 60°F. Assume turbine 
exhaust at 90 percent quality. 
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Solution From the steam tables 

h. = 69.73 F 0.9 X 1036.1 = 1002.22 Btu/lb, 

h, - 69.73 Btu/lb^ 

hs ^ hf ai 60°F = 28.06 Btu/lb^ 

^ 1002.22 - 69.73 ^ 
m. 69.73 - 28.06 

In Fig. 6-1, two pumps, one in the feedwater line and the other in the circulating- 
water line, may be used instead of the single pump shown. The effect of this arrange 
ment on mass and energy balances is minimal. 

Barometric and Jet Condensers 

These early type condensers operate on the same principle as the spray condenser, 
except that no pump is required. The vacuum in the condenser is obtained by virtue 
of a static head, as in the barometric condenser (Fig. 6-3a), or a diffuser, as in the 
jet condenser (Fig. 6-3h). 

In the barometric condenser, the cooling water is made to cascade down a series 
of baffles in the form of water curtains or sheets of high surface-to-volume ratio to 
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Figure 6-3 Schematics of early direct-contact condensers; (a) barometric, (b) diffuser or jet. 
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mix thoroughly with the turbine exhaust that is trying lo rise from a lower inlet. The 
steam condenses and the mixture goes down a tail pipe to the hot well. 

The tail pipe compresses the mixture to atmospheric pressure at the hot well by 
virtue ol its static head and thus replaces the pump used in the spray-type condenser. 
The pressure differential created by the tail pipe must overcome the pressure difference 
between the atmosphere and the condenser proper plus the friction pressure 

drop caused by the mixture flow' AP, in the tail pipe itself. Thus 

- A„„, - .. -t IP, (6-4) 

where p — density of mixture, lb,„/ft' or kg/m^ 

H - height of tail pipe, ft or m 
g - gravitational acceleration, ft/s* or m/s- 
g, ^ conversion factor, 32.2 Ib^, • ft/(lb/ • s’) or 1 kg ■ m/(N ■ s^) 

It can be seen that for low' values of the friction pressure drop the tail pipe height 
H IS around 32 ft (9,6 m) and is higher the larger the friction. Friction is reduced by 
increasing tail-pipe diameter, which results in a tall, heavy system. 

In the jet-txpe condenser (Fig. 6-3/d, the height ol the tail pipe is reduced by 
replacing it with a diffuser. The diffuser acts on the same principle as the diverging 
section of a convergent-divergent noz/lc in subsonic th^w . It thus helps raise the 
pressure in a shorter distance than the tail pipe. Fven though the height is reduced, 
the mass and cost of the system are probably increased, however. 

In both barometric and diffuser-type condensers, the mixture is split and cooled 
in the same manner as in the spra>-type condenser. In all direct-contact condensers, 
as in surface-type condensers (below ). noncondensable gases must be removed, usually 
with a steam-jet air ejector (SJAF:). 


6-3 SURFACE CONDENSERS: GENERAL 


Surlace condensers are the most common type used in powerplants. They are essentially 
shell-and-tube heat exchangers, in which the primary heat-transfer mechanisms are 
the condensing of the saturated steam on the outside of the tubes and the forced- 
vonvcction heating of the circulating water inside the tubes. Figure 6-4 is a schematic 
of a surface condenser with two passes on the water side. It is composed of a steel 
shell with water boxes on each side, the right one divided to allow for the two water 
passes. The water tubes are rolled at each end into tube sheets, and there are steel 
support plates at intermediate points between the lube sheets to prevent tube vibration. 
I he hot well that receives the condensate acts as a reservoir, with a capacity equal to 
the total condensate flow during a prescribed time, e g., I min. 

Surface condensers have grown in size since late in the last century to present- 
4ay sizes that exceed 1 million ft^ ('-93,000 m") of heat-transfer surface area. A 
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Figure 6-4 Schematic of a two-pas^ 
surface condenser 


landmark of development was two 80,(KK) ft" (7432 nr) units built in 1929 by the 
Foster Wheeler C orporation for the predecessor of the Commonwealth Edison Co. of 
Chicago, Illinois. These were and remained through the late 1940s the largest units 
built. They were constructed of sections of cast-iron shells that were bolted together 
and were single-pass with full reverse backwashing provided by valving built integrally 
with the water bo.xes. 

Besides size, philosophies of design have also changed over the years. The early 
surface condensers used simple circular tube sheets that supported as many tubes that 
could be tightly packed between them. They were 3 or 4 ft in diameter, and the tubes 
were no more than 10 or 12 ft in length. As pcfwerplants and their condensers grew 
in size, this simple design resulted in heat-transfer problems because the upper tubes 
shielded the steam from effective condensing and in high-steam-pressure drop problems 
becau.se of the long tortuous path of the steam through the bundle. (We would like to 
see the minimum pressure at turbine exhaust, if possible.) The heat-transfer problem 
was solved by using larger spacings between tubes (called ligaments) and placing them 
in rows that provided lanes or steam paths to allow the steam to penetrate deeply \n\o 
the lower tubes. 

The next improvement tackled the high-pressure drops by cutting the bundle m 
half, thus in effect forming two smaller bundles side by side. This gave the condenser 
a kidney cross-sectional shape that was popular with most manufacturers through the 
1940s. Even this solution was not sufficient for the larger units that were coming on 
line because the bundles were still too deep for effective steam penetration. Four tube 
bundles were then used. This also helped reduce condenser height, an increasingly 
frequent requirement because of the low available head room in the plant. 

The current design philosophy is to have a tube layout in the shape of a funnel 
with most tubes, and the largest tube passage area, where the steam enters the condenser 
from the turbine. As the steam condenses and its volume decreases, there are fewer 
tubes and smaller passage areas. Steam is made to enter the tube bundle, or bundles, 
from all sides toward a central air cooler for deaeration (below). In effect a low and 
balanced (to avoid cross-flow) steam-pressure drop should be ensured. 

The tubes are rolled into the tube sheets at both ends to prevent leakage of the 
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Circulating water into the steam. An expansion joint allows for the different rates of 
expansion between the tubes and the shell. The tube sheets are usually made of Muntz 
metal, which is similar to brass. 

A problem of steam distribution, other than vertical penetration, is end-to-end or 
horizontal distribution that arises with present-day long-tube units, Tube lengths of 30 
to 50 ft ( 0 to 15 m) are commonplace. Multipressurc condensers (below) may have 
70- to 90-tt ( 21- to 27-m) tubes. Long tubes result in larger changes in water 

temperature inside them and hence greater changes in condensing ability. Thus, the 
tubes would be too close at the cold end, where condensing is good, and too open at 
the hot end. A design compromise is, of course, necessary. This results in some short- 
circuiting that may be counteracted by cross baffles. 

Another distribution problem is the result of the unavoidably unequal steam flow 
from the turbine exhaust duct to the condenser tubes. Thus special attention must be 
paid to the design of the connection between turbine and condenser (called the exhaust 
neck), such as adding a well-tapered steam dome above the tube bundle to minimize 
this problem. An expansion joint is usually provided between the turbine exhaust and 
the condenser steam inlet. This permits the condenser to be rigidly mounted on the 
floor. Another, less common, arrangement is to boll the condenser directly to the 
turbine exhaust duct and support it on springs that allow' a certain vertical movement 
and reduce the strain on the turbine casing 


Number of Passes and Divisions 

(\)ndcnsers are designed wath one, two, or four cwling-water passes. The number of 
passes determines the size and effectiveness of a condenser. Four passes are seldom 
used in utility installations. A single-pass condenser is one in which the cooling water 
Hows through all the condenser tubes once, from one end to the other. In a two-pass 
condenser the water enters half the tubes at one end of a divided inlet water box, 
passes through these tubes to an undivided water box at the other end, reverses 
direction, and passes through the other half of the tubes back to the other side ot the 
divided water box, A single-pass condenser with the same total number and size of 
tubes, i e., the same heat-transfer area, and with the same water velocity, requires 
twice as much water flow but results in halt the water temperature rise and thus lower 
condenser pressure. Thus such a single-pass condenser is good tor plant thermal 
efticicncy and reduces thennal pollution, but requires more than twice the water and 
hence four times the pumping power. 

Water boxes are otten divided beyond the divisions required by the number of 
passes. A divided water box single-pass condenser, tor example, may have a partition 
in both the inlet and outlet water boxes at oppr)site ends of the condenser. This allows 
halt the condenser to operate while the other half is being cleaned or repaired. In the 
case of a divided two-pass condenser, the water boxes are divided into tour quarters. 
Divided water boxes have duplicate inlet and outlet connections, each with its own 
circulating-water circuit. Valves in the division plates permit backwashing by reversing 
water How for cleaning purposes. 
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Single- and Multipressure Condensers 

As is now known, large powerplants usually have two or more low-pressure turbine 
sections in tandem. The condenser may be divided into corresponding sections or 
shells, situated below the low-pressure turbine sections. 

If the turbine exhaust pressure in all sections is the same, i.e., when the exhaust 
ducts are not isolated from each other, we would have a single-pressure condenser 
If the exhaust ducts are isolated Irom each other, these individual condenser shell 
pressures will increase because the circulating-water temperature will increase as it 
flows from shell to shell. We would then have a multipressure condenser. 

A multipressure condenser results in efficiency improvement because the average 
turbine back pressure is less compared with that of a single-pressure condenser (which 
is determined by the highest circulating-water temperature). Multipressure condensers 
are more commonly used in nuclear powerplants. They are usually single-pass units 



Hotwell storage 

Figure 6-5 cross section ol a single-pass, divided-box surtace condenser. Note the radial pattern of steam 
flow 
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arranged with their tubes parallel to the turbine shaft. They are roughly as long as the 
low-pressure turbine sections combined, often 70 to 90 ft (-21.3 to 27.4 m). Single- 
pressure condensers, on the other hand are usually 30 to 50 ft (~“9.1 to 15.2 m) long 
and are often arranged with their tubes perpendicular to the turbine shaft. 

In essence, condensers are almost custom-designed to suit individual requirements 
of steam flow, available cooling-water flow and temperature, available space, and 
other variables, 

Figure 6-5 shows a cross section of a typical modem large condenser. It is a 
single-pass, single-pressure, radial-flow type condenser in which the steam enters the 
bundles from top, sides, and bottom and flows toward the center of the tube nest. At 
that point most of it has condensed, leaving only air and other noncondensable gases 
that are cooled before being removed by the deaeration system (below). Figure 6-6 
shows a two-pass divided-box surface condenser. 

Table 6-1 lists typical condenser dimensions for plants up to 5(K)-MW capacity. 

Tube Sizes and Materials 

Tube sizes and gauges (Bimiingham Wire Gauge. BWG) arc listed for condenser and 
feedwater heater tubes in App. K. Note that the higher the gauge number, the thinner 



figure 6-6 A two-pass divided-box surface condenser. 



Table 6-1 Condenser dimension sheet* 
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Courtesy Westmghouse Electric Corporation 
S'ore: Based on using admiralty tubes. 
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and lighter the tubes. 5/8-in. tubes (all sizes refer to OD) are easily clogged and are 
used only for small and special applications. Modem condensers commonly use 7/8 
or 1.0 in. of 18 gauge, which is adequate for the water pressures encountered m 
condensers. 

Tube materials in common use are listed in Table 6-2. Admiralty metal,* the 
popular choice fora long time, although still occasionally specified, is being supplanted 
by type 3(34 stainless steel. Type 304 stainless, now readily available at reasonable 
cost, has excellent erosion and corrosion resistance in fresh water and immunity to 
ammonia and sulfide attack. It also eliminates the risk of introducing copper ions into 
the feedwater, a potential possibility with other matenals. Its disadvantages are a low 
thermal conductivity and low resistance to chloride attack and biofouling. 90-10 copper- 
nickel is another choice for fresh water. 

In the case of seawater and brakish water, 90-10 copper-nickel is the primary' 
choice whether these waters are clean or polluted. 70-30 copper-nickel is preferred in 
the case of clean waters where shell-side ammonia is a problem. Copper-nickel has 
excellent corrosion resistance in salt and brakish water and good immunity to stress- 
corrosion cracking. Aluminum-brass is another tube material, though at present a 
remote possibility with polluted water. 

Other materials that have seen use are arsenical copper and aluminum-bronze. It 
is expected that, for the foreseeable future, stainless steel and copper-nickel will 
dominate the market for condenser tubes. Other materials of promise include titanium 
and AL6X, which are exf>ected to see increasing service under severe conditions. In 
any case no one material can function perfectly without penodic cleaning, and there 
is a growing interest in devising methods of on-line cleaning. 


Deaeration 

In steam and other vapor cycles, it is important to remove the noncondensable gases 
that otherwise accumulate in the system. The noncondensables are mostly air that 
leaks from the atmosphere into those portions of the cycle that operate below atmos¬ 
pheric pressure, such as the condenser, but aKso include other gases caused by the 
decomposition of water into oxygen and hydrogen by thermal or radiolytic (under the 
influence of nuclear radiation) action and by chemical reactions between water and 
materials of construction. The presence of noncondensable gases in large quantities 
has undesirable effects on equipment operation for several reasons. 

1. They raise the total pressure of the system because that total pressure is the sum 
of the partial pressures of the constituents. Thus in a condenser the pressure will 
be the sum of the saturation pressure of the steam, determined by its temperature, 
and the partial pressure of the noncondensables. An increase in condenser pressure 
lowers plant efficiency. 

* Admiralty metal; 70 to 73 percent copper (Cu), 0.9. to 1.2 percent tin (Sn). 0.07 percent maximum 
iron (Fc), the rest zinc (Zn). 
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2 They blanket the heat-transfer surfaces such as the outside surface of the condenser 
tubes, thus resulting in a severe decrease in the condensing heat-transfer coefficient 
and hence in condenser effectiveness. 

3, The presence of some noncondensables results in various chemical activities. Ox¬ 
ygen causes corrosion, most severely in the steam generator. Hydrogen, which is 
capable of diffusing through some solids, causes hydnding (eg., uranium hydride, 
which swells and ruptures nuclear-fuel elements). Hydrogen, methane, and am¬ 
monia are also combustible. 

The process of removing noncondensables is called deaeration. Most fossil pow- 
erplants have a deaerating feedwater healer (Sec. 6-6), but whether or not a plant has 
such a heater, or other separate deaerator, it is essential that the condenser itself be 
the place of good deaeration. Manufacturers usually guarantee a maximum oxygen 
concentration in the condensate leaving the condenser. For some time, this maximum 
was set at 0.03 cmVL (0.003 percent by volume), but this has been reduced recently 
to 0.01 cmVL, required, and 0.005 cmVL frequently guaranteed. 

Good deaeration within a condenser requires time, turbulence, and good venting 
equipment. The cold condensate falling from the lower tubes must have sufficient 
falling height and scrubbing steam for reheat and deaeration. The scrubbing steam is 
provided by allowing some of the incoming steam to pass through an open flow area 
directly to the bottom tubes to reheat the condensate. The reason is that noncondensables 
are more easily released from a hotter than a colder liquid. 

Once the noncondensables are released, they are cooled to reduce their volume 
before being pumped out of the condenser. For this a number of water tubes, about 
6 to 8 percent in the center of the tube bundle, are set aside for this function (Figs. 
6-5 and 6-7), This, called an air cooler section, is baffled to separate the noncon¬ 
densables from the main steam flow. The noncondensables flow toward the cold end 
of the condenser, where they connect to a vent duct that leads to the venting equipment. 

The venting equipment, as other components, went through several stages of 
development, including reciprocating compressors, called dry-vacuum pumps, which 
were used for some time. These were, however, superseded by jet pumps, which have 
now found almost universal acceptance because of their simplicity and lack of moving 
parts and, hence, low maintenance and good reliability. 

"^he jet pumps used on condensers have come to be known as steam-jet air ejectors 
iSJAE) because they use a steam jet as their motive or driving flow. They are usually 
multistage units, usually two or three. Figure 6-8 shows a Iwd-stage SJAE. It uses 
main steam at a reduced pressure that enters a driving-flow nozzle in the first-stage 
ejector, from which it exits with high velocity and momentum and reduced pressure. 
This reduced pressure draws in the noncondensables from the condenser. By a process 
of momentum exchange, the gases are entrained by the steam jet. The combined flow 
of steam and gas is now compressed in the diffuser of the first-stage ejector and 
discharged into a small intercondenser, where the steam is condensed by passing across 
cooling pipes in much the same manner as the main condenser. Cooling here, however, 
is accomplished by the main condenser condensate and is part of the feedwater heating 
system, resulting in improvement in efficiency of the plant. 
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Air- 



Figure 6-7 Condenser air-reinoval system iC(>urlfS\' l ostcr Wheeler Energy Corporation 


N,mk ^.Iulr^s.lhk•^ 





Figure 6-8 A tw()-stage slcam-jct air ejector (SJAE) 



THL C'ONDHNSATFi FFKf:)WArKR SYSTEM 233 


The condensed steam is drained and returned to a low-pressure part of the cycle. 
The noncondensables and any remaining steam are then passed to the second-stage 
ejector, where they are compressed further and passed to an aftercondenser. A third- 
stage ejector may or may not be necessary to bnng the system to the discharge pressure 
or, in nuclear powerplants, to the off-gas system. 


6-4 SURFACE-CONDENSER CALCULATIONS 
Heat-Transfer Surface Area 

The heat-transfer calculations for determining the number of tubes and total surface 
area required by a surface condenser arc rather complex. They require a knowledge 
of the total heat load on the condenser, i.c., the heat removed by the turbine exhaust 
steam, low-pressure feedwater heater drains, steam jet air ejector (SJAE) drains, small 
drive turbine exhausts, etc. They also require a knowledge of the heat-transfer mech¬ 
anisms and coefficients in various parts of the condenser. The heat-transfer mechanisms 
are condensation of the steam over the colder but vai 7 ing-temperaturc tube surfaces, 
conduction through the tube walls, forced convection of the circulating water inside 
the tubes, and forced convection of the noncondensablcs in the air-removal section. 

The outer tube surfaces arc usually clean when the condenser is new' but quickly 
develop an oily him that changes condensation from dropwise to lilmwise condensation 
12,471. This is expected in most condensing equipment, and heat-transfer coefficients 
are conservatively based on the lower hlmwisc condensation mechanism. The heat- 
transfer coefhcient here depends upon the difference between the steam-saturation 
temperature and tube-wall temperature (being inversely proportional to that difference 
to the power 0.25), on the relative positions of tubes, steam velocity and turbulence, 
the extent of noncondensablcs. and the existence of superheated steam, it any. The 
circulating-wafer heat-transfer coefhcient depends upon its velocity and, hence, tem¬ 
perature and the cleanliness of the inside surface. Because this circulating water may 
be obtained from a natural body ol water, algae and other deposits accumulate on that 
surface, thus affecting heat transfer and necessitating frequent cleaning. 

Because all the above are variables with many uncertainties, manufacturers have 
usually based their designs in general accordance with a method proposed by the Heat 
Exchange Institute Standards for Steam Surlace Condensers [481. The method is based 
on the usual heal transfer equation 

Q - VA AT,, (6-5) 

where Q - heat load on condenser, Btu/h or Ts 

U ^ overall condenser heat-transfer coefficient, based on outside tube area, 
Btu/(h • ft*^ • T) or J/(s • m" ■ K) or W/(m‘ • K) 

A = total outside tube surface area, ft" or m" 
i\T^ = log mean temperature difference in the condenser, ‘"E or °C, given by 
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Table 6-2 Constants in Eq. (6-7) 


Tube outer diameter. 

in 

3/4 

7/8 

1.0 




Cl [V' in fl/s, V in Btu/(h fr ■ 

"F)J 270 

263 

251 




Cl [V in m/s, U in W/(m' K)] 

2777 

2705 

2582 




Water temperature, ° 

F 35 

40 45 50 

55 

60 

70 80 

90 

100 

62 

0.57 

0.64 0 72 0.7V 

0.86 

0.92 

1.00 1.04 

1.08 

1 . 1 ( 


304 

Admiralty, 

Aluminum 

Aluminum- 




stainless 

arsenic 

brass. 


bronze . 


70-30 

Tube material 

steel 

copper 

Munt 7 

metal 

90-10 Cu-Ni 


Cu-Ni 

C 3 18 gauge 

0.58 

l.(X) 

0.96 


0,90 


0.83 

17 gauge 

0.56 

0.98 

0.94 


0.87 


0.80 

16 gauge 

0 54 

0 96 

0.91 


0.84 


0.76 


C 4 0.85 for clean lubes, less for algae covered or sludged tubes 




AT, = difference between saturation-steam temperature and inlet circulating 
water temperature (Fig. 6-9), °F or °C 

A7,, = difference between saturation-steam temperature and outlet circulating- 
water temperature (Fig. 6-9), °F or °C, also called terminal temperature 
difference, TTD 

The overall heat-transfer coefficient U is given empirically by 

u = c,c,r 3 C 4 Vv (6-7) 


where V 


C. 

C2 

C3 

C4 


circulating-water velocity in the tubes at inlet (cold) conditions, ttVs 
or m/s 

dimensional factor dep>ending upon tube outer diameter 
dimensionless correction factor for circulating-water inlet temperature 
dimensionless correction factor for tube material and gauge 
dimensionless cleanliness factor 


Refer to Table 6-2 for the factors in Eq. (6-7). 

In using Eqs. (6-5) to (6-7), it is necessary to know the steam-saturation tem¬ 
perature and the circulating-water inlet tempierature, hence AT,, and to select a value 
for the terminal temperature difference (TTD) of the condenser, which in this case is 
AT^. For a given AT,, calculated U, and selected A7«, the tube surface area is calculated 
and the condenser design is fixed. For a given A7,, a large TTD results in a large A7^ 
and small condenser (small A) but an increased water flow because the water-tem¬ 
perature rise (T 2 - Tj, Fig. 6-9) is reduced. A small TTD results in a larger condenser. 
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Figure 6-9 Condenser temperature distributions. 


reduced water flow, and higher exit-water temperature.'An oversized condenser, bigger 
than design, will increase capital cost but reduce operating costs because it would 
decrease and lower condenser pressure. Proper design, therefore, depends upon 
many factors, such as capital costs, operating costs, water availability, and environ¬ 
mental concerns. 

The circulating-water inlet temperature should be sufficiently lower than the steam- 
saturation temperature to result in reasonable values of AT,,. It is usually recommended 
that AT, should be between about 20 and 30'’F (11 to I7°C) and that AT,,, the TTD, 
should not be less than 5°F (2.8*^0. 


Circulating-Water Flow and Pressure Drop 

It is important to determine the necessary circulating-water flow and the pressure drop 
through the condenser because this, along with other parts of the circulating-water 
system (Chap. 7), determine the pump horsepower necessaPr. 

The water mass-flow rate is simply given by 




Q 

c.iTj ~ T.) 


( 6 - 8 ) 


where Cp is the specific heat of the water and T, and T 2 are the inlet and exit temper¬ 
atures, respectively. 

The pressure drop in the condenser is composed of (I) the pressure drop in the 
water boxes and (2) the friction pressure drop in the tubes Again these depend upon 
many factors, such as the flow pattern in and the size of the water boxes, the inlet 
and exit of the tubes at the tube sheets, the size and length of the tubes, and the water 
temperatures and velocities. The Heat Exchange Institute recommends the values given 
in Figs. 6-10 and 6-11. The pressure drops are given in terms of head H, which is 
related to the pressure loss AF by 


^P = pH~ (6-9) 

where p is the density, g the gravitational acceleration, and g,- the conversion factor 
32.2 Ib^ ■ ft/(lb/ • s^) or 1.0 N ■ m/(kg * s^) 

Water inlet velocities in condenser tubes are usually limited to a maximum 8 
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Water inlet velocity in tube*;, ft/s 


Figure 6-10 Pressure drop in condenser water boxes, ex¬ 
pressed as head in feet, (u) one-pass, {h) two-pass. 


ft/s (~ 2.5 m/s) to minimize erosion, and a minimum of 5 or 6 ft/s (1.5 to 1.8 m/s) 
for good heat transfer. Values between 7 and 8 ft/s (— 2.1 to 2.5 m/s) are most 
common. 

Example 6-2 Design a condenser that would handle 3 x 10^ Ib^/h of 90 percent 
quality steam at 1 psia, as well as 360,000 Ib^/h of 112°F drain water from the 
low-pressure feedwater heater, and 1875 Ib^/h of 440°F drains from the steam- 
jet air ejector. Fresh cooling water is available at 70°F. 



3 4 5 6 7 8 

Water inlet velocity in tubes, ft/s 


Figure 6-11 Pressure drop in condenser tubes, expressed as head in feet per foot length of tubes 
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Solution 

Heat-transfer calculations: 

Select: 

1. A two-pass condenser 

2. Type 304 stainless steel tubing 

3. Tubes: 50 ft in length, 7/8 in OD, 18 BWG 

4. TTD = 6°F 

5. Inlet water velocity = 7 ft/s 


Heat load Q 


AT, 

at, 

AT^ 

U 


turbine exhaust + low-pressure drain + SJAH drain 

2 X 10^ X x/zjg 4- 240,000(/2j- hf) + 1250(/244o“|. - hf) 

3 X lO"* X 0.9 X 1036.1 360,000(79.98 - 69.7) 

2.798 X 10*" + 3.701 x lO'’ + 0.656 x 10"^ 

2.802 X 10*" Btu/h 

- 75 ^ 101.74 - 70 = 31.74°F 
6T 


ln(31.74/6) 

263 X 1.00 X 0.58 x 0.85 V'7 
343.0 Btu/(h • ft- • T) 


Thus 


Total tube suiiace area 


2.802 X 10^^ 
343.0 X 15.45 


528,675 ft' 


For 7/8-in tubes, surface area per loot is 0.2291/ft' (see App. K). Therefore 


Total length of tubes 


528,675 

0.2291 


2,307,615 ft 


and 


Number of tubes 


2,307,615 

50 


46,150 


Water calculations: 


T 2 - T, = AT, - AT, = 31.74 - 6 = 25.74°F 




For = 0.99 Btu/(lb^ • °F) 


2.802 X 10^ 
0.99 X 25.74 


= 1.0996 X lO*" Ibjh 
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Note; A check on m^ , obtained above from Eq. 6-8, and that obtained by multiplying 
the water velocity by the density by the total cross-sectional area of flow (in this case 
of half the tubes) should be made at this point. If not equal, a correction for the TTD 
and/or the tube length would have to be made. 

1.0996 X lO'' X 0.01605 

Volumetric flow rate = mv’ 7 o“F = -77;- 

oO 

= 29,414 ftVmin = 29,414 x 7.481 = 220,043 gal/min 
Pressure drop in water boxes = 2.7 ft head (Fig. 6-10) 

32.2 

- 62.3 X 2.7 X - - 168.3 Ib/fF - 1.17 psi 

32.2 

Pressure drop in tubes = 0.32 ft head/ft (Fig. 6-11) 

^2 2 

= 62.3 X 0.32 X ^ = 19.936 Ib/ft’ per f( = 0.1384 psi/ft 

Allow for 1.2 in thick tube sheets, and thus each pass would have a length of 
50 + 2 X 1.2/12 = 50.2 ft 

Total pressure drop in tubes = 0.1384 x 2 x 50.2 = 13.90 psi 
Total pressure drop in condenser 1.17 -I- 13.90 = 15.07 psi 
The power attributed to the water flow in the condenser only would be 

= mv \p = .3,7916 X 10'' ft ■ Ib^/h = 1915 hp 


6-5 CLOSED FEEDWATER HEATERS: GENERAL 

It has been demonstrated (Chap. 2) that regenerative feedwater heaters are indispensable 
in Rankine-cycle type powerplants if improved cycle performance is to be expected 
They raise the temperature of the feedwater before it enters the economizer or steam 
drum. Both open- and closed-type feedwater heaters are used. In small industrial 
systems, only one open-type feedwater healer may be used. Utility and large industrial 
plants use a multiple of feedwater heaters, typically five to seven closed and one open, 
which doubles up as a deaerator. Nuclear powerplants of the pressurized- or boiling 
water reactor types do not use open-type feedwater heaters, but gas-cooled and fast 
breeder reactor powerplants do. Open-tyf)e feedwater heaters will be described in the 
next section. 

Closed-type feedwater heaters are shell-and-tube heat exchangers. In essence they 
are small condensers that operate at higher pressures than the main condenser because 
bled steam is condensed on the shell side, whereas the feedwater, acting like circulating 
condenser water, is heated on the tube side. 

Closed feedwater heaters are placed within the cycle to receive bled steam from 
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the turbines at pressures determined roughly by equal temperature increments from 
the condenser to the boiler saturation temperatures (Sec. 2-13). They are therefore 
classified as low-pressure (LP) and high-pressure (HP) heaters, depending upon their 
location in the cycle. The LP heaters are usually located between the condensate pump 
and the open heater, which is followed by the mam boiler-feed pump The HP heaters 
arc located between that pump and the economizer. Occasionally a boiler-feed booster 
pump is located up-stream of the main boiler feed pump, in which case the feedwater 
heaters are classified as LP, IP (intenuediate pressure), and HP. The shell-side (bled- 
stearn) pressure extends from vacuum to several hundred psia in LP heaters and may 
exceed 12(X) psia in HP heaters. Tube-side (feedwater) pressures after the boiler feed 
pump arc higher than the maximum steam pressure because of the pressure drop through 
the feedwater system and may exceed 5000 psia in supercritical-pressure cycles (Sec. 
2-14). 

When bled steam entering a feedwater heater is superheated, as is often the case 
in fossil-fueled high-pressure and some low'-pressurc heaters, the heater includes a 
desuperheating zone where the steam is cooled to its saturation temperature (Fig. 6- 
12). This IS followed in all closed feedwater heaters by a condensing zone where the 
latent heat of vaporization is removed and the steam is condensed to a saturated liquid. 
This liquid, now called the heater drain, is, in all heaters, except sometimes the one 
or tw'(> lowest-pressure heaters, cooled below its saturation temperature in a subcooling 
zone or a drain-cooling zone before the dram is cascaded backw ards or pumped forward 
(Chap. 2), 

The above is a three-zone closed-type feedwater heater (Fig. 6-12). Tliere are, 
however, two-zone heaters that include a desuperheating and a condensing zone or a 
condensing and a subcooling zone. And there are also single-zone heaters that include 
only a condensing zone. A drain-cooling zone, instead of being integral with the shell, 
may be located external to it. Details of construction and standards of feedwater heaters 
are given in Ref. 49. 

C k^sed feedwater heaters could be either horizontal or vertical, depending upon 
space availability. Vertical heaters are designed with their head (water box) down or 
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Figure 6-13 A three-zone horizontal closed-type feedwater heater [49] 

up, the latter only in special circumstances. Figure 6-13 shows a typical horizontal 
three-zone closed feedwater heater. The feedwater tubes are usually in the form ol U- 
tube bundles, although occasionally they are straight, like those of a condenser. The 
feedwater enters via a divided water box through the subcooling zone, flows through 
the U tubes in a generally parallel but opposite direction to the steam flow, and leaves 
to the water box through the desuperheating zone. 

The bled steam flows first through the desuperheating zone, which is usually 
separated from the rest of the heater by a shroud and which is fitted with a series of 
vertically cut baffles that provide both a good heat-transfer path and proper tube support. 
The condensing zone is the major portion of the heater and also provides a baffled 
steam-flow path. The subcooling zone is separated from the rest of the heater by an 
end plate and an enclosure but connects to the main water level through a snorkle 
entrance. While the main water level is low, the subcooling zone is completely sub¬ 
merged with liquid by the differential pressure between it and the condensing zone. 
The liquid flows through properly spaced baffles and exits from the heater through a 
nozzle next to the tube sheet to cascade to the next lower-pressure heater. 

Cascaded drain from the higher-pressure heater or from a moisture-separator- 
reheater are throttled upon entrance to the shell and flash into high-velocity steam. 
The tubes are protected from erosion by this steam by the use of stainless steel 
impingement plates. The drain inlet is usually at or beyond the tubes U bend, in 
horizontal heaters, in order to keep the flashing steam from the tubes and provide 
sufficient volume for it. 

Figure 6-14 shows a vertical closed-type feedwater heater with head down, the 
.^ual arrangement. 



Air take off 



Figure 6-14 A three-zone vertical closed-type feedwater heater [49]. 
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Tubes and Materials 


The tube sheet is an integral part of the head (water box). In high-pressure heaters the 
tubes are welded then rolled or explosively expanded into the tube sheet. Sometimes 
a stainless steel insert is provided with carbon-steel tubing to prevent inlet end erosion. 
In low-pressure heaters, the tubes arc usually rolled into the tube sheets, lube sizes 
vary from 5/8 to 1 in OD with gauges (BWG) varying from 10 to 20 (App. K). Because 
closed feedwater heaters operate at much higher water (and steam) pressures than 
condensers and are usually bent, a minimum tube thickness (and hence maximum 
gauge) must be selected that would be adequate for such service. The minimum tube 
thickness t is given by 


t 


Pci,, 

- (I -f- 

2,V -f 0.8P 



( 6 - 10 ) 


where P — tube design pressure, psi 

d,, - tube outside diameter, m 

S ^ allowable design stress, psi 

R,, - inside radius of U-tube bend, taken as 1.5 d„, in 

Tube matenals evolved over the years. Admiralty metal and copper-nickel alloys were 
extensively used before the age of the high-pressure systems. As steam pressures and 
temperatures increased, new materials were required. For fossil-fueled powerplants 
with subcritical steam, the preferred materials for low-pressure heaters are now' type 
304 stainless steel (which is becoming less costly) and 90-10 copper-nickel. For high- 
pressure heaters, type 304 stainless steel and tempered Monel 30-70 copper-nickel are 
the preferred matenals, with stress-relieved 70-30 copper-nickel and carbon steel also 
specilied. For supercritical steam (once-through boilers), type 304 stainless steel and 
carbon steel arc specified for low-pressure heaters and carbon steel for high-pressure 
heaters. Copper-base alloys are not specified. 

For nuclear-reactor pi^iwerplants of the pressurized- or boiling-water types, type 
304 stainless steel is specified for all heaters. 

One problem with heater tubes is corrosion caused by the presence of noncon¬ 
densable gases, especially in heaters operating below atmospheric pressure. These 
gases also reduce the overall heat transfer of the heaters by blanketing the tube outer 
surfaces, much as they do in the main condenser. The gases are released by a proper 
vent mechanism. 


6-6 CLOSED-FEEDWATER-HEATER CALCULATIONS 
Heat Transfer 

A closed-type feedwater heater will have as many overall heat-transfer coefficients as 
there are zones. For example, a three-zone heater will have one coefficient each for 
the desuperheating, condensing, and subcooling zones. These may be combined into 
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one overall heat-transfer coefficient, if desired, but they must be evaluated indepen¬ 
dently. Once they are calculated, the total number of tubes for the heater and the zone 
lengths are calculated. 

The overall heat-transfer coefficient for any zone is given by the usual relationship 

U = -!-( 6 - 11 ) 

(l/M + U^JRAJ + iAJh.A,) 

where V = overall heat-transfer coefficient of the zone in question, based on the 
outside area of the tubes, Btu/(h - ft^ ■ °F) or W/(m^ s) 

= heat-transfer coefficient of fluid outside tubes, Btu/(h ■ ft' ■ '’F) 
or W/(m^ ■ K) 

k — thermal conductivity of tube material, Btu/(h • ft • °F) or W/(m • K) 

h^ = heat-transfer coefficient of water inside tubes, Btu/(h ■ ft' ■ °F) 
or W/(m^ • K) 

A,, — outside surface area of tubes per unit length, ft^'ft or m'/m 
A, = inside surface area of tubes ft^ per unit length, ftVft or nr/m 
Am = log mean area of tubes per unit length 
A A A 

= - /4,)/In — — ^ for thin tubes, ft^/ft or m*/m 

A, 2 

t = thickness of tubes, ft or m 


In the desuperheating zone, h„ is evaluated for forced convection of the superheated 
steam, between points 1 and 2 in Fig. 6-12, and h, is evaluated for forced convection 
of feedwater inside the lubes between points 7 and 8. 

In the condensing zone, is the result of steam condensation between points 2 
and 3 and h, of feedwater forced convection between 6 and 7, 

In the suhcooling zone, h„ and /i, are due to forced convection of water outside 
the tubes between 3 and 4 and inside the tubes between 5 and 6, respectively. 

For single- or two-zone heaters, the unapplicable zones are simply deleted. 

The outer tube surface area A„, and hence the zone lengths, is then obtained from 


Ao 


Q 

IJ Mm 


( 6 - 12 ) 


where Q is the heat load and Mm the logarithmic mean temperature ditlercncc for the 
zone in question. (Note that an overall Mm for the heater based on temperatures at 
1,4,5, and 8 cannot be obtained because of the discontinuities in the steam temperature 
line 1-2-3-4.) 

The values of for each zone can be obtained from standard heat-transler cal¬ 
culations. 

As in the main condenser, there are many flow and other variables and uncer¬ 
tainties. Condensation heat-transfer coefficients are usually high, a few thousand 
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Btu/(h ■ ft^ ■ °F), and the tube thicknesses are small, so the main heat-transfer resistance 
is due to the boundary layer of the feedwater inside the tubes. An empincal calculation 
for V in the condensing zone, shown in the form of a graph (Fig. 6-15), thus uses the 
average film (boundary-layer) temperature as well as water velocity as parameters. 
The average film temperature is defined arbitrarily as 

Tf=T,~ 0.8 (6-13) 

where Tf = average film temperature, °F 



Water velocity in tubes at (i0‘ F, (t/'s 
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Figure 6-15 Overall heat-transfer coefficient for condensing zone only as a function of average film 
temperature as defined by Eq (6-13) (49] 



THE CONDENSATE-FEEDWATER SYSTEM 245 


Ts = saturated-steam temperature = °F 




log mean temperature difference in condensing zone, °F 


{T, - r,) - {Tj - T-j) 
ln|(73 - T^ViT. - T,)\ 


(6-14) 


There is an upper limit for V for values of 250T or higher. The vanation 
of water velocity with temperature is taken care of in Fig. 6-15 by specifying a velocity 
based on water density at 60°F, 62.4 Ib^ftT Correction factors for various tube 
materials and gauges are included in Fig. 6-15. 


Pressure Drop 


Pressure drops of the feedwater in feedwater heaters are usually large because of the 
flow fnction in long small-diameter tubes in several heaters. Calculations for such 
pressure drops are necessary for the design of condensate and boiler feed pumps. 

An empirical correlation for the pressure drop in closed feedwater heaters, also 
applicable for external drain coolers, is given by the following equation |49j 


AP - 


F^F2{L + 5.5c/,W 
d] 


(6-15) 


where AP = total tube-side pressure drop, psi 

Fi = factor depending upon water vekK'ity, also corrected for density 
at bCf’F (Fig. 6-16) 

F. - factor depending upon average water temperature (Fig. 6-16), 
given by = T, - AT,,,, °F 


(1, = inside tube diameter, in (App. K) 


N - number of tube passes 
L - length of tubes in one pass 

The usual water velocities in closed feedwater heaters, corrected to 66 F, are 6 
to 8 ft/s. 


Example 6-3 Find the number and length of tubes for a three-zone feedwater 
heater that is used after the reheater (no. 2 high-pressure heater) in a subcritical 
fossil-fueled powerplant, for the following data: 

Feedwater: 3.0 x 10^ lb,„/h, 3000 psia, 370T m, 398°F out 

Bled steam: 140,(XX) lb,„/h, 240 psia, 800°F 

Drain in from no. 1 HP heater. 300,000 Ib^/h, 520 psia, 410 F 

Drain out, total: 440,000 Ib^/h, 380°F 

Overall heat-transfer coefficients: desuperheating zone = 

125 Btu/(h • ft^ ■ °F), drain-cooling zone = 300 Btu/(h ft" ■ °F) 
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Figure 6-16 Factors in Eq. (6-15) for pressure drop m tubes of closed feedwater heaters and drain coolers 
149J. 


Solution 

Tubes: 

Choose a U-lube design, tubes 3/4 in OD, type 304 stainless steel. To find 
gauge, use maximum allowable stress — 20,000 psi. Hq. (6-10) gives minimum 
tube wall thickness 

3000 X 0.75 / 0.75 

/ — - I I 4 

2 X 20,000 + 0.8 X 3000 \ 4 x 1.5 x 0.75 

From App. K, 16 BWG with 0.065 in thickness is selected. 

Number of tubes: 

Volumetnc water flow corrected to 60°F = 3 x 10^ = 3 x 10^ x 

0-016033 (from steam tables) = 48,099 ftVh. Cross-sectional area of 16 BWG, 
3/4-in tubes = 0.302 in^ (App. K). Chcx)se water velocity at 60”F = 8 ft/s 
Therefore 

48,099 144 ^ 

Number of tubes = - — - x ———-- = 796 tubes 

3600 0.302 X 8 


j = 0.062 in 
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which will be rounded to 800 tubes, (meaning 1600 tubes in a cross section of 
the U-tube bundle). 


Desuperheating zone: 

Referring to Fig. 6-12:/?, = 1423 8 Btu/lb^,, ^2 = 12(K).6 Btu/lb^, and heat load 
Q, - 140,000(/i, - h.) =■ 3I,248,(K)0 Btu/h. But Q, - 3 x \{f{h^ - h,). 
hn at 398°F and 3(X)0 psia (assuming pressure drop relatively small) = 376.37 
Btu/lb^. Thus hj = 365.95 Btu/lb,„, corresponding to Tj = 388. FF, The log 
mean temperature difference in desuperheating zone is 

(8(X) - 398) - (397.39 - 388.1) 392.71 

^----= 104.24°F 

ln|(8(X) - 398)/(397.39 - 388.1)1 3.7675 


Outside tube area in desuperheating zone A„ , is 


Q, 31,248,(X)0 

^ —__ — _ ! _ ! _ 

L\ AT,, , 125 X 104.24 

From App. K, outside tube surface area per foot 
the length of desuperheating zone lubes L, is 

2398.16 

L. --- 15.27 ft 

0 1963 X 8(X) 


- 2.398.16 fF 

length — 0.1963 ft‘ Therefore 

- 4.655 m 


Drain-cooler zone: 

h, = 372.27 Btu/lb„, h., (at 380T and 240 psia) = 353.63 Btu/lb„,, h, (at 370°F 
and 3(XX) psia) - 347.06 Btu/lb,,. Heat load = (140,000 4 300,000)(/i, - 
h^) = 8,201,6(X) Btu/h. But - 3 x 10^/?,, - h,). Therefore, = 349.79 
Btu/lb„, corresponding to = 372.6°F. Log mean temperature difference in 
drain-cooler zone 

(397.39 - 372.6) (380 - 370) _ 14.79 

" FnK.W T) - .■?7:.6)/'(3iw^~ .^7())| “ 0.9079 

= I6.29T 


Outside tube area in drain-cooler zone is 


8,20L6(X3 
3(X) X 16.29 


1678.25 ft' 


Therefore length of drain-cooler zone tubes is 


1678.25 
0.1963 X 800 


10.69 ft = 3.26 m 


Condenser zone: 

hj (at 410°F and 520 psia) = 386.21 Btu/lb,„. Heat load in condenser zone 
Qc is due to both bled steam and drain from the higher-pressure heater, called 2 
e, = 140,000(/i2 - /ii) + 300,000(/i2’ - h) = 120.149 x 10'’ Btu/h. Log 
mean temperature difference in condensing zone is 
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(397.39 - 372.6) - (397.39 - 388.1) 
lnl(397.39 - 372.6)7(397.39 - 388.1)] 


15.5 

0.9815 


= 15.79°F 


Average film temperature = 397.39 — 0.8 x 15.79 > 250‘^F. Therefore U from 
Fig. 6-15, at 8 ft/s = 910 Btu/(h ■ fF ■ °F). Correction factor for 16 gauge stainless 
steel = 0.770. Therefore overall heat-transfer coefficient in condensing zone is 


U, - 910 X 0.770 = 700.7 Btu/(h ■ fC 
Outside tube area in condensing zone is 
120.149 X lO'’ 


°F) 




700.7 X 15.79 


= 10,857.94 fC 


Length of condenser zone tubes L, 


10,857.94 
0.1963 X 800 


= 69.14 ft = 21.07 m 


Total tube length : 

Allowing for a 3-in-thick tube sheet, total heater tube length Lu,, is 

3 

- 15.27 + 10.69 69.14 + - ^ 

= 95.6 ft = 29.14 m 

Thus the average length of the U-tube bundle is 47.8 ft, which may be rounded 
to 50 ft, or 15 m. 


Pressure drop in tubes: 

From Eq, (6-15) 

Average water temperature in heater 


370 -h 398 
0 


= 384°F 


The average water temperature, obtained for the condenser zone (the largest zone), 
is 397.39 - 15.79 = 381.6°F, which is adequate for Fig/ 6-16. Thus F, = 
0.1275, F. - 0.75, d, (App. K) = 0.620 in. 


AF = 


0.1375 X 0.75(100 F 5.5 x 0.620) 
0.620' 


19.29 psi = 1.330 bar 


6-7 OPEN FEEDWATER HEATERS 

An open feedwater heater, also called direct-contact and deaerating (DA) heater, is 
one that heats the feedwater by directly mixing it with bled steam from the turbine 
(Sec. 2-8). Usually only one such heater is used in fossil- and high-temperature nuclear- 
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Figure 6-17 A typical combination open-type 
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reactor powerplants. None are used in water-cooled nuclear-reactor powerplants, which 
rely on a more elaborate condenser deaeration system. Because the pressure in such 
a heater cannot exceed the turbine pressure at the point of extraction, a pump, usually 
the main boiler feed pump, must follow the heater. The confluence of steam and water 
flows makes possible the efficient removal of noncondensables as well as the heating 
of the feedwater. Hence the vanous names for this type of heater. 

The DA heater is usually positioned in the feedwater line at a pressure to prevent 
air inleakage and at a temperature at which oxygen retention is least likely. Most DA 
heaters are designed for oxygen concentrations in the outlet feedwater below 0.005 
cmVL. 

The DA outlet feedwater is at or near saturation. Pumping saturated water results 
in cavitation because of the pressure drop below saturated pressure, thus causing 
flashing on the back side of pump vanes. The DA heater is therefore usually positioned 
in the powerplant steam-generator house high above its pump by perhaps 60 ft. This 
provides sufficient pump inlet pressure to render the saturated water compressed (or 
subcooled) and prevents cavitation. 

There are three typ>es of DA heaters for industrial and utility use. 

1. Spray-type deaerators In this type the feedwater enters the heater through nozzles 
that spray it into the extraction-steam-filled heater space. The water is heated and 
scrubbed to release the noncondensable gases. A second agitation of the now-heated 
feedwater by another steam flow is provided by an internal baffling system. 

2. Tray-type deaerators Here the feedwater is directed onto a series of cascading 
horizontal trays. It falls in sheets or tubes from tray to tray and comes into contact 
with rising extraction steam admitted from the bottom of the tray system. As 
scrubbing occurs and noncondensable gases and some steam rise, they come into 
contact with colder water, resulting in a reduced volume of high concentration of 
noncondensables to vent into the atmosphere. 

3. Combination spray-tray deaerators In these the feedwater is first sprayed into a 
steam-filled space, then made to cascade down trays. This combination type with 
horizontal stainless steel trays is currently preferred by the utilities. Spray types 
are more common in industrial service. 

Figure 6-17 shows a typical combination-type deaerating heater. Shown also, just 
below the heater, is a relatively large feedwater tank, a hotwell, which allows sufficient 
water for rapid load variations. 


6-8 BOILER MAKEUP AND TREATMENT 

Steam powerplants lose a fraction of their water-steam circuit because of leakage from 
fittings and bearings, escape with noncondensable gases in deaeration processes, boiler 
blowdown, and other causes. The fraction is 0.5 to 1.5 percent of the flow rate, 
depending upon design and age of the plant, with nuclear powerplants in the low end 
of the range. This fraction should be made up. The water added must be well treated 
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to maintain water and steam purity in order to prevent deposition of suspended solids 
and scale on boiler surfaces and also silica deposition and corrosion damage to turbine 
blades and the condensate-feedwater system. 

A water makeup system begins by pretreating the raw water. This is followed by 
a demineralizing system, which is essential to all powerplants. For plants with stringent 
water-quality requirements, such as those using once-through boilers and boiling-water 
nuclear reactors, a condensate-polishing system is used to further “polish” the water. 
Raw water usually has different concentrations of a variety of impurities present in it. 
They may include suspended solids and turbidity, organics, hardness (calcium and 
magnesium), alkalinity (bicarbonates, carbonates, hydrates), other dissolved ions (so¬ 
dium, sulfate, chloride, etc ), silica, and dissolved gases (O 2 , CO 2 ). 

Pretreatment 

The extent of pretreatment depends upon the source of the raw water used. Well water 
usually requires simple filtration, Raw water from a surface source, such as a nver or 
lake, on the other hand, requires more elaborate pretreatment. The first step is clar¬ 
ification, in which the water is chlonnated to prevent biofouling of the equipment. 
The susj>ended solids and turbidity are then made to coagulate by special chemicals 
and by being brought together by a slow agitation in the middle of the clarifier vessel 
(chlorination that oxidizes organic matter also helps them coagulate). The coagulated 
matter then settles by gravity in the clarifier and is removed. 

In the next step, the clarified water, depending upon its hardness and alkalinity, 
undergoes softening. Hardness, the chief source of scale in heat exchangers, boilers, 
and pipelines, is caused by the presence of calcium and magnesium salts containing 
Ca^"*^ and Mg^ ^. Alkalinity is mostly bicarbonate HCOf but is also carbonate and 
hydrate. Softening is usually done in a cold process using lime/soda ash. Lime, calcium 
hydroxide Ca(OH) 2 , precipitates calcium bicarbonate as calcium carbonate CaCO^, 
and magnesium salts as magnesium hydroxide Mg (OH), according to 

Ca(OH )2 + Ca'^iHCOi ).-► 2 CaC 03 i + 2 H 2 O (6-16) 

2Ca(OH)2 + Mg""(HC 03 > 2 -^ 2 CaC 03 j T Mg(OH )2 i + 2 H 2 O (6-17) 

(CaOH )2 + Mg-^ (SO4 Mg(OH) 2 i + CaSO^ (6-18) 

The soda ash, sodium carbonate Na 2 C 03 , is added to react with calcium chloride and 
calcium sulfate to form calcium carbonate 

Na2C03 T CaS04CaC03 i + Na2S04 (6-19) 

The products, calcium carbonate and magnesium hydroxide, are insoluble in water 
and settle to the bottom of the vessel. In softening, calcium, magnesium, and carbonate 
alkalinity are reduced to a few 10 ppm each. A problem of sludge removal, however, 
arises. Environmental regulations do not permit the sludge to be discharged. Instead, 
it is “dewatered,” either in a settling basin or by thickeners and centrifuges. The water 
is then discharged to its source or recycled. Other softening processes use hot-process 
phosphate and zeolite softening. 
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The next step in pretreatment is filtration, which further removes residual sus¬ 
pended solids and turbidity. Filtration can be done under gravity or pressure, although 
the latter is preferred. Various filter media are used, sand being the most common. 
The pressure difference across the filtering medium is an indication of solid accu¬ 
mulation. When it reaches a given limit, the solids are removed from the bed by 
backwashing and are discharged to waste. Further filtration by activated charcoal may 
be necessary to absorb organics and remove residual chlorine from the chlorination 
process. 

Demineralization 

Demineralization is the process of removing dissolved solids by ion exchange. Two 
types of resins are used: cation and anion resins. Cation resin has a positively charged 
hydrogen ion attached to a negatively charged polymer. The hydrogen ion is exchanged 
for the cations calcium, magnesium, and sodium. Anion resin is similar to the cation 
except that it has a negatively charged hydroxide ion (OH ), attached to a positively 
charged polymer structure. The hydroxide ion is exchanged for the anions sulfates, 
chlorides, and bicarbonates (alkalinity). Both ion-exchange processes are reversible, 
and the resins are restored to their original form by regeneration. Regeneration is called 
for when the resins are about to be exhausted and traces of dissolved solids begin 
showing up in the demineralizer exit. It is accomplished by passing a concentrated 
acid through the cation resin and caustic or sodium hydroxide through the anion resin. 

A typical demineralizing “train” (Fig. 6-18) consists of a series of demineralizers 
that contains weak-acid cation, strong-acid cation, weak-base anion, strong-base anion, 
and mixed-bed units, which contain both cation and anion resins used for polishing 
to produce very high-quality water. Sometimes a decarbonator is added to the train to 
help the anion resin in reducing alkalinity. This reduces the amount of strong-base 
anion used. This is a mechanical dealkalizer that operates by blowing air up through 
downward-flowing water to drive CO 2 from the water, thus removing the alkalinity. 

The demineralizing and regeneration equipment, including tanks, pumps, etc., is 
programmed to operate automatically. The result is high-quality water, at least equal 
to the best from evaporators (below), that can be used directly in the steam plant 
without scale formation or corrosion. 

A method of demineralization that is gaining acceptance for boiler makeup is 
reverse osmosis. Osmosis is the diffusion of a solvent, in this case water, through a 
semipermeable membrane from a region of no or low solid concentration to a region 
of high solid concentration. The membrane blocks the passage of the solutes, in this 
case the dissolved solids. The motion is in the direction of the high partial pressure 
of the purer water to the low partial pressure of the less pure water. It is a response 
to an osmotic pressure, which can be relatively large even for dilute solutions. Osmosis 
plays a vital role in many biological processes such as the passage of nutrients and 
waste material through the cell wall of animal tissue. The diffusion can be prevented 
by applying to the region of high concentrations an external pressure equal to the 
osmotic pressure. If a greater pressure is applied, the flow is reversed. In our case. 
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Figure 6-18 A typical demineralizing train 


pure water flows from the region of high concentrations to the region of pure water. 
This is reverse osmosis. The membranes used are expensive, and coagulation, settling, 
and filtration are used first to protect them. 

Condensate Polishing 

Although the above systems prtxluce high-quality makeup water for the plant, the 
water in its journey through the cycle can pick up metallic ions, such as iron and 
copper, from pipelines, etc., as well as impurities due to condenser inleakage from 
the circulating water. As mentioned above, powerplants such as those using once- 
through boilers and boiling-water nuclear reactors (Sec. 10-7) require continual high- 
quality water and use a condensate polishing system. Condensate polishing is accom¬ 
plished by passing the condensate through large demineralizing vessels that contain 
both cation and anion resins. The resins remove dissolved solids in the above manner 
as well as act as filters for impurities or suspended solids. 

Condensate-polishing systems are similar for once-through boilers and boiling- 
water reactors, except that they are shielded in the latter case because the water goes 
through the reactor and the solids become radioactive. Some pressurized-water reactor 
systems (Sec. 10-2) require polishing to meet changing water-quality standards. 
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toiler Blowdown 

Condensate polishing is not a requirement for drum-type boilers because they can 
utilize blowdown to control water purity. Blowdown lines periodically remove a portion 
of the water from the drum where concentrations increase because of steam flashing. 
This water is replaced by pure feedwater. The blowdown is then cooled and treated 
for reuse. A common treatment uses cartridge filters to remove suspended solids, 
notably iron and copper oxides, through the use of demineralizers. Condensate polishers 
may be indicated in some cases. 

Nucleai' boilers also feature blowdown. In pressurized-water-reactor steam gen¬ 
erators (Sec. 10-3), the general practice is to use throwaway filter cartridges followed 
by demineralizers. In boiling-water reactors (Sec. 10-7), where the steam generator 
is also the reactor core, blowdown is radioactive and is treated and returned back to 
the reactor in a closed loop, called the reactor-water cleanup system. 


6-9 EVAPORATORS 

One form of boiler makeup, used in older plants and still used in ships (to produce 
both powerplant makeup and potable water from seawater), uses flash type distilling 
units, or evaporators. Evaporators could be of the one-siage, or single-effect, type or 
the multistage, or multieffect, type. Usually two and sometimes three effects are used. 

Older units had water sprayed on a bank of tubes heated by steam from the plant, 
This design has been largely replaced by the submerged type, which consists of a shell 
containing the steam tubes, which in turn are completely submerged by the water. 

Figure 6-19 is a schematic of a single-effect evaporator. Raw water, pretreated 
(but not demineralized) as above, is introduced at point h'. Steam from the plant, 
called motive steam, extracted at a relatively low pressure, is intrcxluced at m, goes 
into a steam chest, flows through the tubes, and is discharged as condensate at (. The 
condensate is returned to the plant. The tubes slope slightly toward discharge to allow 
proper drainage. The pretreated water boils and pure saturated vapor is extracted at v 
to go to the plant as makeup. Care must be taken to avoid carryover of raw water 
with the vapor because that would defeat the purpose of the evaporator. This is done 
by proper separation and baffling for the receiving tube (much as in a boiler steam 
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Figure 6-19 Schematic of a single- 
effect submerged evaporator. 
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Figure 6-20 Schematic of a double- 
effect evaporator. 


drum) and by keeping the rate of vapor fomiation per unit water surface area at a low 
enough level to reduce violent boiling at that surface. The raw-water surface is kept 
at approximately the centerline of the shell, where it would have maximum area. The 
level is maintained by a float-controlled valve on the raw-water line. 

Scale that collects on the outside tube surfaces should be peruKlically cleaned to 
maintain heat-transfer rates. This is done during shutdown either manually or by 
subjecting the tubes to alternate high and low' temperatures. Periodical blowdown is 
necessary to remove the raw-water sediment that accumulates in the shell. 

Figure 6-20 shows a double-effect evaporator. Here pretreated raw water is in¬ 
troduced into two shells at vv) and u' 2 , respectively. The motive steam m, condenses 
to and is returned to the plant. The vapor produced in the first-effect evaporator Vi 
becomes the motive steam for the second-effect eva[X)rator. Its condensate di is returned 
to the plant. Both the vapor ly produced in the second effect and the condensate 
constitute the boiler makeup. 

A temperature-enthalpy (or heat-transfer length) diagram is shown in Fig. 6-21. 
It is now necessary to define heat head as the difference between the saturation 
temperature of the motive steam and the saturation temperature of the vapor. 

The overall heat-transfer coefficient U ol an evaporator is a function of both 
motive-steam saturation temperature and the heat head and is given empirically by the 
curves in Fig. 6-22. Heat heads below 2()°F are not effective. Those above 1(X)°F 
result in film boiling and a reduction in heat transfer. The most effective heat heads 
are in the range 35 to 55°F. 

Single-effect evaporators, which can be built in parallel multiples, average ap¬ 
proximately 0.8 Ib^ of vapor prcxluced per lb„, o( motive steam. Double-effect evap¬ 
orators produce almost double, 1.5 Ib^/lb^,, while triple-eflect evaporators improve 
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Figure 6-21 Temperature vs enthalpy (or path-length) dia¬ 
gram of a single-effect evaporator. 
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Figure 6-22 Overall heat-transfer coefficient for evaporators. 


this further to about 2.0 Ib^/lb^, but at the cost of increased complexity and capital 
cost. 

Heat heads are usually divided up equally among the effects used. If the heat head 
and the overall heat-transfer coefficient for each heat head are known, the heat-transfer 
areas can then be easily obtained. 

Example 6-5 Calculate the mass-flow rate of motive steam required and the heat- 
transfer areas of a double-effect evaporator to produce 100,000 Ib^/h of vapor. 
Pretreated water is available at 60°F. Motive steam is available at 70 psia, satu¬ 
rated. The vapor leaves the evaporator to a feedwater heater at 15 psia. 


Solution Referring to Fig. 6-20 and the steam tables; - 302.93T, - 

1180.6 Btu/lb^, and hjx = 272.7 Btu/lb^. T.j = 213.03T, h,. = 1150.9 Btu/ 

Ib^. = ^(302.93 4 213.03) = 258T, P„ = 34.24 psia, h,x = 1166.7 Btu/ 

Ib^, = 226.72 Btu/lb^. /i„ = 28.06 Btu/lb^. 

Assume raw water flows to the first and second effects to be Wj and W 2 \bj 
Ib^ motive steam at m,, respectively. 

Energy balance on the first effect: 

- h^) = - hdx 

Therefore 




1180.6 - 272.7 

1166.7 - 28.06 


0.797 \bj\b^ 


Second effect; 


W2(h,2 - hj = ~ h^) 
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Therefore 


HS 


0.797 


/ 1166.7 - 226.72 \ 
\ 1150.9 - 28.06 ) 


0.797 X 0.837 


- 0.667 \bj\b^ 

Total purified water = w, T w. 


Motive steam required 


0.797 T 0.667 = 1.464 Ibjlb, 


lOOJXK) 

1.464 


68,306 \bjb 


First-effect heat-transfer area: 

0.797 

Q - " ^>v) - 


X 100,000(1166.7 - 28.06) 


1.464 

^ 62 X 10^' Btu/h 

Heat head = 7„. - L, = 302.93 - 258 = 45T 
From Fig. 6-22 at T„, and heat head, U = 565 Btu/(h It F) 
C ^ 62 x_l(y ^ 

U X heat head 565 x 45 

Second-etleet heat-transfer area. 

0.667 


Q = - ^..3 = 


X I00,0(K)( 11.50.9 - 28.06) 


1.464 

= 51.16 X 10" Btu/h 
Heat head = T. : - 7 ,, = 45T 

At r, i and heat head, U = 520 Btu/(h ■ If • F) 

51.16 X 10"* 


Area 


S20 X 45 


2186 fr 


PROBLEMS 

An kp/s of 92% quahtv steam at 0.06 bar A dry 
6-1 A direct-contact condenser of the Calculate *e condensate pump volume flow rate, in 

cooling tower system ctKils the feedwater t - pressure losses in the dr>’ cooling 

cub,c Lter^ per second, and .he pump power .npu., m k.lowatts, .f the pressu 

lower system are 2 bar and the pump efhc.ency ts a ^ ^ ,^, 3 ^ at 1 psia using 

6-2 A barometric condenser is used to condense , ~ friction factor in it is 0.020. Find the 

coohng water a. 60"F The tad p.pe mside d.ameter ts I ft The 

necessary height of the tail pipe, in feel refers of single-pass and Iwo- 

6-4 It is required to compare the cooling water requitemenls J ^ ® , ,,ater conditions. Assume 

pass surface condensers having the same total heat-transfer surface area and 
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at 15X. Calculate the height of the tail pipe, in meters, if the fnctional losses in bar are given by 
where V is the water vekxrity, in meters per second. 

6-4 It is required to compare the cwiling water requirements and pumping powers of single-pass and two- 
pass surface condensers having the same total heat-transfer surface area and inlet water conditions. Assume 
that both have 20,0(X) 40-ft-long 7/8-in-OD IH-BWG tubes. CtKiling water enters the tubes at 64“F and 6.5 
ft/s The pressure drops are 0.4 psi/ft in the tubes, 0.6 psi in each water box and 5 x ICF''’ in the 
intake, ducting, and discharge system, where m is the mass flow rate, in pound mass per hour. Calculate 
for each (ti) the cooling water requirements, in pound mass per hour and cubic feet per minute, and ib) the 
pumping power, in kilowatts, if the pumps are 70 percent efficient 

6-5 It is required to compare the effects of single-pass and two-pass surface condensers on the pKiwerplant 
for the same total heat-transfer surface area and inlet water conditions Both condensers have 20,000 40- 
ft-long 7/8-in-OD, 18-BWG tubes Ccxiling water enters the tubes at 64“!' and 6.5 ft/s (the same conditions 
as Prob. 6-4). Assume for simplicity that both condensers have the same overall heat-transfer coefficient, 
the same steam inlet of 2 x 10'^ lb,„/h and 02.6 percent quality, but that the single-pass condenser operates 
at 100°F Calculate for each (u) the condenser operating temperature, in degrees Fahrenheit, and pressure, 
in pound per square inch absolute, ib) the ctKiling water exit temperature, in degrees Fahrenheit, and (c) 
the heat removed, in Btus per hour and megawatts. 

6-6 Consider a fKiwerplant operating on an ideal Rankine cycle without feedwater heating wSteam enters 
the turbine saturated at 10(X)“F at the rate of 5 x jo'* lb„,/h. The turbine exhausts to a suilace condenser 
at 1 psia. The condenser has an overall heat-transfer coefficient of 435 Btu/h tr °F, a heat-transfer surface 
area of 402,467 ft* and cooling water inlet temjx;ralure of 6()°F Calculate ia) the plant net power, in 
megawatts, (b) the plant efficiency, m percent, (() the cooling water exit temperature, in degrees Fahrenheit, 
and id) the water flow rate, in pound mass per hour and in cubic feet per minute 

6-7 It is required to evaluate the effects of changing surtace condenser size on powerplani performance. 
Consider for simplicity an ideal Rankine cycle without feedwater heaters. The turbine inlet steam is saturated 
at 1000 psia and has a mass flow rate of 5 x 10'' lb„yh Condenser ccHiling water is available at 60°F. For 
a condenser h:;at-transfer area of 402,467 ft* and overall heat transfer coefficient of 435 Btu/h ft* °F, the 
condenser operates at 1 psia (the same conditions as Prob. 6-6) Now consider that the same plant operates 
with a condenser that has 15 percent more tubes (and surface area) and 15 percent more ccKiling water flow. 
Calculate (a) the new exit water temperature, in degrees Fahrenheit, (b) the new condenser pressure, in 
pounds per square inch absolute, and (r) the new plant power, in megawatts, and efficiency. Assume that 
the overall heat-transfer coefficient is unchanged. 

6-8 A two-pass suiiace condenser contains 30,(XX) lO-m-long 3/4-in 18-BWG 90-10 Cu-Ni Tubes. CcKiling 
water enters the tubes at 10°C and 2 meters per second. The condensing temperature is 38°C Calculate (a) 
the capacity of the condenser (heat rejected) m megawatts, and (b) the exit water temperature, in degrees 
centigrade. Take for water c), - 4184 J/kg K and density = 1000 kg/m\ 

6-9 Consider for simplicity an ideal Rankine cycle with turbine inlet and exit steam at 25(X) psia and 
I0(X)°F, and 1 psia, respectively, and no feedwater beating. The steam mass flow rate is 2 x 10^ lb„yh. 
The plant has a two-pass surtace condenser with 45-ft-long 7/8-in 18-BWG-type 304 stainless steel tubes. 
Cooling water enters the tubes at 70°F and 7 ft/s. With no flows into the condenser other than turbine steam, 
find (rt) the plant power, in megawatts, and efficiency and (b) the total number of tubes if the condenser 
terminal temperature difference is H^F 

6-10 It is required to evaluate the effects of changing surface condenser inlet water temperature on powerplant 
performance. Consider the ideal Rankine cycle and condenser of Prob 6-9 (with 25,696 tubes) but the 
C(X)ling water inlet temperature is changed from 70° to 60°F. Calculate (a) the new exit cooling water 
temperature, in degrees F ahrenheit, (b) the new condenser pressure, in pounds per square inch absolute, 
and (c) the new plant power, in megawatts. 

6-11 A 11(X)-MW two-pass surface condenser has 50-ft-long 18-BWG tubes. It uses seawater with tube 
inlet at 7 feet per second and 80°F, and KX)°F exit. The condenser is situated 18 ft above sea level. The 
pressure drops in the circulating water system, expressed in head are; 4 ft in the inlet tunnel, 6 ft in the 
inlet pipe, 3 ft in the outlet pipe, and 2 ft in the outlet tunnel. Calculate (o) the water flow rate in jxiund 
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mass per hour and gallons per minute, and (b) the pumping in horsepower and megawatts required if the 
pumps efficiency is 80 percent. Use for seawater Cp - 0.962 Btu/lb^ “R, and density = 64 lbj'ft\ 

6-12 A condensing only feedwater healer uses 7/8-in-OD 90-10 copper-nickel tubes. It receives 84,000 
lb,„/h of 95 percent quality bled steam at 20 psia, and 160,000 lb,„/h of drain from the next higher pressure 
healer at 240°F. 3.9 x 10^ lb„/h of feedwater gcies through the heater at 7 ft/s, 2(K)0 psia, and 195°F The 
terminal temperature difference is 5°F. Determine the size, length, and number of tubes based on a U-tube 
design. Take a maximum allowable stress in the tubes of 15,000 psi 

6-13 A closed type two-pass feedwater heater receives 100,000 lb,yh steam at 300 psia and 450'"F and 
feedwater at 380°F. The terminal temperature differences is 2.65°F No dram cooler is used. Find {a) 
the mass flow rate of feedwater heated, and (b) the water pressure drop, in pounds per square inch, if the 
adjusted cold water velocity is 8 ft/s, the tube length is 20 ft, and the lube inside diameter is 0.652 in 
6-14 A one-pass condensing only closed feedwater heater receives saturated extraction steam at 80 psia, 
and 10^ \\ijh of feedwater at 240“F. The terminal temperature difference is 4°F Calculate ia) the total tube 
heat-transfer area if they are made of 16 gage admiralty metal and the velocity adjusted to 62.4 Ib„yft', is 
8 ft/s, (b) the amount of extraction steam required, in pound mass per hour, and (i ) the new log mean 
temperature difference and the new bled steam temperature and pressure if the water vekxrity was changed 
to 6 ft/s at the same inlet temperature 

6-15 A condensing only closed type feedwater heater receives saturated bled steam at 80 psia. 0 9 x KT 
Ibjli of feedwater enter the rubes at 260°F and 6 fl/s The tubes arc 45 5 0 long L^-shaped 3/4-in-OD 18- 
BWG admiralty metal T3ic terminal temperature difference is 5T Calculate (a) the mass flow rate of the 
bled steam, in pound mass per hour, (/?) the number of tubes, and (c) the pressure drop in the heater, in 
pounds per square inch 

6-16 A closed-type two-pas.s feedwater heater with desuperheating zone but no dram ccxiler uses 20-ft-long 
3/4-in 18-BWG admiralty tubes. 10^ lb„yh of feedwater enter the tube at 260°F and 8 527 ft/s Bled steam 
is at 80 psia and 350°F. The terminal temperature difference is 4°F. The overall heat-transfer ccxrfhcicnt in 
the desuperheating zone if 120 Btu/h • ft" • '’F Calculate {a) the mass flow rate of bled steam, in pound 
mass per hour, {b) the number of tubes, (t) the pressure drop in the heater, in pounds per square inch. 
6-17 A sample of water upon analysis showed that each liter contained 0 fK)18 g mol calcium bicarbonate, 
0.0005 g • mol magnesium bicarbonate, 0 (XX)8 g • mol magnesium sulfate, and 0 (X)06 g mol sodium 
sulfate. Calculate (a) the total hardness in parts per million, ib) the masses of lime and stxJa ash, kilograms 
per day needed to soften 100,000 L of the water per day and (c) the mass of sludge, m kilograms, that 
must be disposed of per day. Take the density of water as 1000 kg/mV 

6-18 A single -effect evaporator receives motive steam at 7 bars and 180‘’C and pretreated raw water at 9 
bars and 16°C. It has 123 m^ of heat-transfer area. Calculate the mass flow rates of motive steam and vapor 
produced in kilograms per second. Ignore the pressure drop m the evaporator 

6-19 A 35,000 lb,yh double-effect evaporator receives motive steam at 40 psia and 300"F Pretreated raw 
water enters at 60“F. The pressure m the second effect is 5 psia Calculate, for equal heat heads, (a) the 
amount of motive steam required, in pound mass per hour, and ib) the surlace areas for each evaporator, 
in square feet. 

6-20 A double-effect evaporator is to evaporate 15,000 lb,yh of 60°F raw water using 25 psia motive steam 
The vapor from the second effect is at 3.0 psia. Find (a) the heat head for each effect, ib) the mass flow 
rate of motive steam, in pound mass per hour, (r) surface area of each effect, in square feet, and [J) total 
purified water, in pound mass per hour, if the pressure of the motive steam was changed to 17 psia dunng 
part load operation. 



CHAPTER 

SEVEN _ 

THE CIRCULATING-WATER SYSTEM 


7-1 INTRODUCTION 

The circulating-waler system supplies cooling water to the turbine condensers and thus 
acts as the vehicle by which heat is rejected from the steam cycle to the environment. 
The system also supplies lesser amounts ot auxiliary cooling water for turbine and 
steam-generator buildings, for the fire protection system, and for general station yard 
use. In the case of nuclear powerplants, it supplies, in addition, auxiliary cooling 
water to the reactor building (for cooling a closed-loop cooling-water circuit to limit 
radioactivity release back to the environment), water for dilution and dispersion of 
radioactive wastes released from the plant, and water for decay heat removal when 
necessary. The total auxiliary requirements are usually about 5 percent of condenser 
flow requirements. 

The circulating-water system is called upon to reject heat to the environment in 
an efficient manner but one that also conforms to thermal-discharge regulations. Its 
performance is vital to the efficiency of the powerplant itself because a condenser 
operating at the lowest temperature possible results in maximum turbine work and 
cycle efficiency and in minimum heat rejection. Hence, a good heat-rejeclion system 
makes its own job easier; i.e., it is called upon to reject less heal and is smaller and 
requires less cooling water. 

The heat rejected by the circulating-water system is greater than that converted 
to useful work by the steam cycle. In currently operating powerplants, new and old, 
the heat rejected varies from 1.5 to 3.0 times the useful work output of these plants. 
This is given by the equation 
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Table 7-1 Effect of cycle 
efficiency on heat rejection by 
1000-MW powerplants 


w 

V 

Qa 



KXX) 

0.20 

5000 

4000 

4.0 

1000 

0.25 

4000 

3000 

3.0 

1000 

0.33 

3000 

2000 

2.0 

1000 

0.40 

2500 

1500 

1.5 

1000 

0.50 

2000 

1000 

1.0 


where Qf^ is the heat rejection rate, W the power, and 77 the cycle efficiency. To 
evaluate the effect of 17 on one should compare plants with the same W, say KXX) 
MW (Table 7-1). The first and last cfhcicncies roughly represent old small industrial 
units and hoped-for advanced future units. 77 - 0.23 is for older but still-operating 
powerplants. 17 ^ 0.33 represents current nuclear powerplants of the pressurized- and 
boiling-water-reactor type. 77 = 0.40 represents modem high-temperature fossil-fueled 
and gas-ctx)led and fast-breeder nuclear-reactor powerplants. It can be seen that an 
improvement of 7 percent in efficiency, from 23 to 33 percent, results in 33 percent 
savings in heat rejection (not 8 percent as one is inclined to guess), whereas an efficiency 
improvement of 7 f>ercent from 33 to 40 percent, results in 23 percent savings. 


7-2 SYSTEM CLASSIFICATION 

Circulating-water systems are broadly classihed as (1) once-through, (2) closed-loop, 
and (3) combination systems. 

Once-through systems In once-through systems, water is taken from a natural bcxly 
of water such as a lake, river, or ocean and pumped through the condenser, where it 
is heated and then discharged back to the source (Fig. 7-1). There arc generally three 
methods of discharge; 

1. Surface discharge, by which the condenser water is released in a relatively thin 
layer on the surface of the original body of water. The resulting plume is cooled 
by evaporation of some of the water to the atmosphere and by mixing with the 
cooler water below. 

2. Submerged discharge, by which the water is released as a buoyant jet below the 
surface of the body. The jet mixes with the cooler water, and heat is eventually 
dissipated by evaporation from the mixture. 

3. Diffuser discharge, by which the water is let out through a number of nozzles from 
a long pipe submerged across the flowing system, such as across a river, The jets 
may point upstream to promote more rapid mixing. Again heat rejection is accom¬ 
plished by evaporation from the mixture. 
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Figure 7-1 Schematic of a once-through circulating-water system 


Once-through cooling is, thermodynamically, the most eflicieni means of heat 
rejection. It uses the lowesl-temperature heat sink available to the powerplant. There 
are, however, instances when water is scarce or when environmental regulations limit 
the utilization of surface waters or the amount of heating they may he subjected to. 
In such cases, the less efficient closed-loop systems are used. 


Closed-loop systems In closed-loop systems, water is taken from the condenser, 
passed through a c(X)ling device, and returned to the condenser. Often a reservoir is 
placed between the cooling device and the condenser. A nearby natural body of water 
is still necessary to supply makeup water to replace that lost by evaporation during 
the cooling process and to receive blowdown from it. I'here are several types of cooling 
devices available for closed-loop systems. These are: 

T Cooling towers may be of the wet type, (Sec. 7-4), dry type (Sec. 7-6), or com¬ 
bination wet-dry type (Sec. 7-8). The dry-type cooling tower is the least efficient 
of all heat rejection methods but requires no makeup water and hence is suited for 
desert installations or where the use of natural waters is absolutely prohibited. 
Cooling towers are also classifed as natural draft or mechanical draft. A cooling 
tower operating in a closed loop is said to be operating in the closed mode (Fig. 
7-2). 

2. Spray ponds rely upon winds that blow across the ponds and cool fine sprays of 
water by evaporation, 

3. Spray canals are like spray ponds except the water is sprayed into large droplets 
so that dnft loss (water carryover with the wind) is reduced, but at a lower mass- 
transfer rale and hence lower cooling efficiency. 
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Figure 7-2 Schcmulic of a wef-c(X)hng tower operating in the closed mode. 


4. Cooling lakes are areas in which the water is cooled naturally by evaporation and 
radiation. They are the least efficient of the three artificial bodies of water and 
therefore require the greatest acreage, but also the least mechanical equipment. 

Combination systems Combination systems combine once-through systems with a 
cooling device, usually a cooling tower, that cools the water before returning it to the 
natural body of water. A cooling tower operating this way is said to be operative in 
the open mode (Fig. 7-3). also called the terminal-difference mode. A cooling tower 



Figure 7-3 A wct-coolmg lower operating in the open mtxlc An altcmatc once-through system is shown 
by the dashed line 
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Figure 7-4 A wet-cooling lower operating in the helper mode 


may also operate m the helper mode (Fig. 7-4), in which both once-through and 
cooling-towcr closed mode share cooling duties. This is the case when water supplies 
may be unreliable, as during drought periods, upstream intermittent use, or river 
temperature limitations during certain periods. I'he cooling tower may carry anywhere 
from 0 to 100 percent of the cooling load. A cooling-tower installation may also be 
operated in the closed, open, or helper modes by the proper use of a variety of gales 
and valves. 

In Figs. 7-1 through 7-4 

R — range = temperature nse across condenser 
TT'D terminal temperature difference = exit cooling 
tower temperature — source temperature 


7-3 THE CIRCULATION SYSTEM 

The system is composed of a number of components. Besides the condenser and the 
cooling device, they are; 

1. An intake structure from a natural body of water in an open system or from cooling 
towers, spray ponds, etc., in a closed or helper mode 

2. A circulating-water pumping station 
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3. Circulating-water conduits 

4. Flow gates 

5. Vacuum breaking system 

6. Cold- and warm-water channels 

The intake system begins with a skimmer wall that assists in obtaining cooler 
bottom water from the natural source. The intake structure, located at the land end of 
an intake channel, is usually constructed of reinforced concrete. It houses the necessary 
equipment for screening debns from the water (Fig. 7-5). The water passes through 
bar racks that are mounted across each inlet bay to intercept large debris. The bar¬ 
rack grill sections extend from the inlet-bay floor to the top of the intake structure 
with an incline, usually 15° from vertical. 

The debris is removed from the upstream face of the bar racks by a traversing 
trash rake, usually operator actuated, that travels across the top of the intake structure 
on two parallel rails. Its main component is drake basket, typically 10 ft wide, equipped 
with teeth. As the basket is lowered, it is opened and the teeth are turned away from 
the bar rack to clear the debns from the rack. As the basket is raised, it is closed so 
that the teeth penetrate between the rack bars to clean out the embedded debns. When 
it reaches the discharge position at the top, it is opened to dump the trash into the 
trash cart. When full, the latter can be removed from the end of the trash-rake frame 
and towed to a disposal area. 

The main circulating-water pumps are further protected by traveling screens at 
their intakes (Fig. 7-6). These screens are composed of a series of screen panels, 
which typically have 3/8-in" openings and are connected in a continuous loop across 
rotating drive sprockets. As water flows through the initially stationary' screens, debris 
is deposited on them and held by the force of the moving water. When sufficient debris 
accumulates, the pressure drop across the screens reaches a point at which the screen 
drive is automatically actuated. The screen panels rotate at top and are washed by a 
spray, and the debris collects in a large tray. Manual operation of the screens is also 
provided from the control room. There are typically six such traveling screens per 
circulating pump. 

The cooling water now enters a number of large circulating-water pumps operating 
in parallel. The number of pumps depends upon the plant and pump sizes, but a usual 
arrangement is three pumps per pumping station or unit. In nuclear powerplants, the 
size of the circulating pumps is such that any one is sufheient to dissipate reactor- 
shutdown decay heat. In emergency conditions that pump can be started by the two 
standby diesel generators that are part of these powerplants. Each pump discharge to 
the condensers is equipped with a motor-operated butterfly valve, which is interlocked 
with its pump motor so that both will start together to minimize surges in the condenser. 

The combined flow goes through a tunnel to the condenser inlet conduit. The 
conduit, which could be 6.5 ft (2 m) in diameter, has a motor-operated butterfly valve 
in a vertical run of it. It directs the water to each side of the condenser divided inlet 
water box. A similar arrangement on the condenser discharge side, also with a motor- 
operated butterfly valve, permits throttling for testing or equalization of flows in case 
there is more than one condenser. The discharge from the condensers now goes through 
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Figure 7-5 A typical intake system bar rack and traversing trash rake 


a discharge tunnel to a warm-water channel that feeds the cooling tower. Alternatively, 
when conditions permit, the warm water is returned to the pump reservoir by means 
of diffiiser pipes. These are partially perforated, corrugated, galvanized steel pipes 
laid side by side across the bottom of the reservoir. They provide thermal mixing with 
the reservoir water. 

When the circulating-water system is operated in the closed or helper modes, the 
warm water from the condenser is directed to the cooling towers by pumping stations, 
one per tower, typically composed of two pumps and located in separate reinforced 
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concrete pits. The discharges from the cooling towers flow into a number of common 
open cold-water channels, over a weir, through a gate into a reservoir connecting to 
the circulating pump intake structure. The weir adjusts for the difference in water level 
between the higher cooling towers and the lower reservoir. 

Vacuum systems are provided at the high points in tunnels, usually in the warm- 
water channel, that are at a pressure below atmospheric at normal design flows (the 
syphon effect). The vacuum is normally maintained by a vacuum priming system but 
must be broken by the control-room operator in the case of unusual happenings down¬ 
stream that may cause backflow through the pump and intake structure. 


7-4 WET-COOLING TOWERS 

Wet-cooling towers dissipate heal rejected by the plant to the environment by these 
mechanisms; (I) addition of sensible heal to the air and (2) evaporation of a portion 
of the recirculation water itself. When operated in the open mcxle, there is a third 
mechanism: (3) addition of sensible heat to the natural body of water as a result of 
the terminal temperature difference (TTD). 

Wet cooling towers have a hot-water distribution system (Fig. 7-7) that showers 
or sprays the water evenly over a latticework of closely set horizontal slats or bars 
called fili or packing. The fill thoroughly mixes the failing water with air moving 
through the fill as the water splashes down from one fill level to the next by gravity. 
Outside air enters the tower via louvers in the form of horizontal slats on the side of 
the tower. The slats usualiy slope downward to keep the water in. The intimate mix 
between water and air enhances heal and mass transfer (evaporation), which cools the 
water. Cold water is then collected in a concrete basin at the bottom of the tower 
where it is pumped back to the condenser (closed or helper mode) or returned to the 
natural body of water (open mode). The now hot, moist air leaves the tower at the 
top. 

In Table 7-1 it was shown that a modem 1000-MW fossil-fueled plant with 
7] = 0.40 would reject about 1500 MW at full load. This is roughly equivalent to 
512 X 10^ Btu/h and uses about 760,(XX) gal/min (48 mVs) of circulating water, based 
on an 18°F (10°C) range. A water-reactor nuclear plant, with tj = 0.33, would reject 
683 X 10^ Btu/h. Depending upon climatic conditions, the portion carried by evap¬ 
orative mechanism is about 75 percent in hot weather and 60 percent in cold weather. 
It would result in the evaporation, and hence the need for makeup, of about 7500 gal/ 
min ( '^0.47 m Vs) for the fossil plant and 10,(XX) gal/min (—0.63 m Vs) for the nuclear 
plant in hot weather. In cold times the figures would perhaps be reduced by 20 percent 
(Table 7-2). Additional makeup is required for blowdown and cooling-tower drift 
(below). The balance of heat rejected is mostly due to heating the air, and is greater 
in cold than in hot weather. Blowdown is normally 20 percent and dnft is 2 to 2.5 
percent of the evaporation losses [53J. 

Although cooling towers show the obvious advantage of reducing water demand 
for available water by at least 75 times, they do this at the expense of large capital, 
land, and operational costs, as well as some water pollution of their own, noise and, 
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It is often said, sight pollution. Nevertheless, environmental regulations and thermal 
pollution of once-through systems, and the increasing scarcity of dependable natural 
water supplies in many parts of the world, are forcing utilities into building more and 
more cooling towers (and some other systems such as cooling ponds). Once-through 
systems, it should be recalled, are the most efficient cooling systems and should be 
preferred if there is an abundance of natural water. 

Wet-c(H)ling towers are classified as either (1) mechanical-draft or (2) natural- 
draft cooling towers. Each of these types is further classified as (1) counterflow or (2) 
cross-flow ccx^ling towers (Fig. 7-7). 
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Figure 7-7 The four types of wel-cix)ling towers; (a) mechanical-draft counterflow , ih) mechanical-draft 
cross-flow, (r) natural-draft counterflow, {d) natural-draft cross-flow |51,52). (Not drawn to same scale ) 

(Continued on next two pages.) 
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Figure 7-7 (continued) 


Table 7-2 Typical evaporation from wet-cooling towers serving a 1000-MW plant 



MW 

Circulating water flow, 
°R - 18"F = I0“C 


Climate 

Evaporation 


gal/min 

m Vs 

gal/min 

mVs 

% 

0 33 

2000 

758,000 

47.8 

Hot 

10,000 

0.63 

13 





Cold 

8000 

0.50 

1.0 

0 40 

1500 

568,(XK) 

35.8 

Hot 

7500 

0.47 

1.3 





Cold 

6000 

0.38 

1.0 











274 PO^VERPLA^/TTE(:HNOL(X]V 


Mechanical-Draft Cooling Towers 

In mechanical-draft cooling towers, the air is moved by one or more mechanically 
driven fans. As in steam generators, the fans could be of the forced-draft (FD) type, 
which would be mounted on the lower sides to force air into the tower. This type 
would theoretically be preferred because the fans would operate on cooler air and 
hence consume less power. However, experience with this type of fan has shown some 
disadvantages because of air distribution problems, leakage, recirculation of the hot 
and moist exit air back to the tower, and frost accumulation at the fan inlets during 
winter operation. 

The majority of mechanical-draft cooling towers for utility application are therefore 
of the induced-draft (ID) type. With this type, air enters the sides of the tower through 
large openings at low velocity and passes through the fill. The fan is located at the 
top of the tower, where it exhausts the hot, humid air to the atmosphere. Induced- 
draft cooling towers are usually multicell with a number of fan stacks on top and come 
in various arrangements: rectangular, octagonal, circular, etc. (Fig. 7-8). 

The fans are usually multibladed and large, ranging from 2 to 33 ft (0.6 to 10 m) 
in diameter (Fig. 7-9). They are driven by electric motors, as large as 250 hp, at 
relatively low speeds through reduction gearing. They are of the propeller type, which 
move large volumetric How rates at relatively low static pressures. They have adjust¬ 
able-pitch blades for minimum power consumption, depending upon load and climatic 
conditions. The fans and their dnves are designed to function satisfactorily in the hot, 
humid atmosphere they are in. The blades are usually made of cast aluminum, stainless 
steel, or fiberglass, although plastic and laminated wood have been used. 

The airflow into the tower is roughly horizontal. The flow' in the fill however is 
either horizontal, in which case it is a cross-flow cooling tower, or vertical, in which 
case it is a counterflow cooling tower (Fig. 1-la and 7-7/?). 

The main advantages of mechanical-draft cooling towers are the assurance of 
moving the required quantity of air at all loads and climatic conditions, low initial 
capital and construction costs, and a low physical profile. Their main disadvantages 
are power consumption, operating and maintenance costs, and greater noise |54|. 


j^atural-Draft Cooling Towers 

Natural-draft cooling towers were developed in Europe. The first ones, erected in 
Holland early in this century, were made of wood. They evolved to wood on steel 
and filially to the reinforced concrete used today. The early shapes were nearly cylin- 
dncal, followed by an inverted truncated cone on top of another, and finally the 
hyperbolic shape of today. Their most extensive use has been in England. In the United 
States, the first unit was built in 1972, and the number being built has risen dramatically 
since. One hundred units were expected to be constructed by 1980 [511. 

Natural-draft cooling lowers use no fans. They depend for airflow upon the natural 
driving pressure caused by the difference in density between the cool outside air and 
the hot, humid air inside. The driving pressure is given by 




Figure 7-9 Typical fans used in induced-draft cooling lowers. On the bottom is one with a large diameter. 
On the top is one with automatic variable-pitch control fCourit\?y the Marley Cooling Tower Company. 
Mission, Kansas.) 
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= (A, - p,)//- (7-2) 

f!, 

where p,> = density of outside air, Ibjft^ or kg/m^ 

p, = density of inside air, taken at exit of the 
fill, Ib^ft^ or kg/m^ 

H = height of tower above the fill, ft or m 
g = gravitational acceleration, ftys^ or m/s" 
g. = conversion factor = 32.2 Ib^ • ft/(lby ■ s^) or 
1.0 kg • m/(N ■ s") 

This driving pressure must balance the air-pressure losses through the tower. 

Because p„ - p, is relatively small, H must be large to result in the desired APj. 
Natural-draft cooling towers are therefore very tall, often a few hundred feet. The 
tower body, above the water distribution system and the fill, is an empty shell of 
circular cross section but with a hypierbolic vertical profile. Natural-draft cooling towers 
are therefore often referred to as hyperbolic towers. The hyperbolic profile has been 
found to offer superior strength and the greatest resistance to outside wind loading 
(pressure due to strong winds) compared with other forms, so that substantially less 
material is needed and thicknesses can be as low as 6 or 7 in at the waist. It has little 
to do with inside airflow. Natural-draft cooling towers are made of reinforced concrete, 
very large volumes of concrete, and sit on “stilts” or diagonal support columns in a 
shallow basin of water. They are an imposing sight from afar, dwarfing the powerplant 
itself (Fig. 7-10). 

Natural-draft cooling towers are also of the counterflow or cross-flow types (Figs. 
1-lc and 7-7^/). In counierflow, the fill is inside (above the stilts), spread over a large 
area, and is therefore shallower. In cross-flow, the fill sits in a ring outside the tower 
outside the stilts. 

The choice between different types of cooling towers depends upon many factors, 
the most important of which are climatic and economic. Mechanical-draft towers are 
the choice when the approach (the difference between the temperature of the cold 
water leaving the tower and the wet-bulb temperature of the outside air) is low and 
when a broad range of water flow is expected. The latter factor is made possible 
because they are usually built as multicell units with a variable-airflow fan, a design 
which offers versatility and good response to changes in cooling parameters and 
demands, 

Natural-draft towers are selected most often: (1) in cool, humid climates (low 
wet-bulb temperatures and high relative humidity); (2) when there is a combination 
of low wet-bulb temperatures and high condenser-water inlet and outlet temperature, 
i.e., a broad range and long approach; or (3) in cases of heavy winter loads. Economic 
factors favor them when, because of their large capital costs, a long amortization period 
can be arranged. In general, they are favored for very large powerplants where fewer 



the circulating water system 277 



Figure 7-10 A naiural-draft cwling tower next to a nuclear-reactor containment building (Courtesv Re 
^^earch-Cottrell, Bound Brook, New Jersey.) 
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and larger towers can be built. In the early 1980s mechanical-draft towers still com¬ 
manded the lion’s share in utility and large industrial installations, although natural- 
draft towers are expected to gradually increase their share in the future. 

The choice between cross-flow and counterflow of either type is less clear. Cross- 
flow towers offer less resistance to airflow, thus allowing higher air velocities than 
counterflow towers. They are, however, less efficient. Both designs, therefore, have 
counterbalancing advantages and limitations, and the choice depends upon the partic¬ 
ular application. Natural-draft towers, however, recently ordered have been in the 
counterflow variety only. 


The Water-Distribution System 

The water-distribution system dispenses hot condenser water evenly over the fill. There 
are several types, among them are: (1) Gravity distribution, used mainly on cross- 
flow towers, consists of vertical hot-water risers that feed into an open concrete basin, 
from which the water flows by gravity through orifices to the fill below (Fig. 7-1 b^). 
(2) Spray distribution, used mainly on counterflow towers, has cross piping with spray- 
downward nozzles (Fig, 7-1 lb). (3) Rotary distribution consists of two slotted dis¬ 
tributor arms that rotate about a central hub through which water comes in under 
pressure. The slots are aimed downward but slightly to one side, resulting in a curtain 
of water at an angle and a reaction force that rotates the arms at 25 to 30 r/min. The 
speed of rotation can be varied by adjusting the slot angle (Fig 7-1 Ic). 



Figure 7-11 Water-distribution systems: (a) gravity, (h) spray, (r) rotary 1511 
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The Fill 

The fill, or packing, is the heart of the cooling tower. It should provide both good 
water-air contact for high rates of heat transfer and mass transfer and low resistance 
to airflow. It should also be strong, light, and deterioration-resistant. There are basically 
two types of fill; (1) splash type and (2) film, or nonsplash, type. 

Splash packing is made of bars stacked in decks (Fig. 7-12r/) that break the water 
into drops as it falls irom deck to deck. The bars come in different shap>es 152)— 
narrow, square, or grid are smooth or rough, and are made of different materials— 
rcdw'ood, high-impact polystyrene, or polyethylene. Splash fill provides excellent heat 
and mass transfer between water and air. 

Film fill IS usually made of vcmcal sheets that have a rough adsorbent surface 
that wets well and allows the water to fall as film that adheres to the vertical surfaces 
(Fig 7-12/?). This exposes (he maximum water surface to the air without breaking it 
into drops or small rivulets. Film fill also ctimcs in diffcTcnt shapes and materials; 
redwood battens, cellulose corrugated sheets, asbestos-cement sheets, and waveform 




Figure 7-12 Types (it (ill. (a) splash (h) tilrn 1.S2 
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metal or plastic. Film fill presents less resistance to airflow and requires less total 
height than splash fill. 

The present trend in materials for wet-co<)ling towers favors concrete structures 
with plastic fill, drift eliminators (below), fan stacks, fan blades, and manifolds, valves, 
and nozzles. The concrete-plastic combination results in longer life and less mainte¬ 
nance. 


Drift and Drift Eliminators 

Drift is water entrained by and earned w'lth the air as unevaporated drizzle or fine 
droplets. This water is thus lost to the circulating-water system and does not contribute 
to heat removal by evaporation. (The problem is somewhat similar to the carryover 
of droplets by the steam in a boiler drum.) Drift is minimized by drift eliminators 
(Fig. 7-13), which are baffles that come in one, two, or three rows. The baffles force 
the air to make a sudden change in direction. The momentum of the heavier drops 
separates them from the air and impinges them against the baffles, thus forming a thin 
film of liquid that falls back into the tower. The baffles are made of wood, metal, or 
plastic. 100 percent drift elimination is not possible, but a well-designed system results 
in water loss less than 0.2 percent of the circulating water. This, of course, should 
be compensated for by the makeup system. The drift eliminators are situated at air 
exit from the fill, above it in counterflow towers, and to the side in cross-flow towers. 


l)r\ air 
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Figure 7-13 Types of dnft eliminators [521 
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The Basin 

The cold-water basin, situated beneath the tower, collects and strains the water before 
It is pumped back to the condenser (in the closed mode). It also receives the circulating- 
water makeup. It has makeup inlet and outlet, quickfill, overflow, drain, and bleedoff 
connections. Large utility tower basins arc usually made of concrete. They are sized 
to permit tower operation for several hours without adding makeup. The drain is used 
to remove sill deposits and control water level in ease of flow surges. Water leaves 
the basin via a sloped canal at the bottom and through screens that prevent debns from 
entering the pumps. 


Makeup 

The total makeup required by a cooling tower is the sum ol that which would com¬ 
pensate for evaporation, drift, and bleeding or blowdown. The latter is water inten¬ 
tionally discharged from the circulating-water system and replaced with fresh water. 
This water, in addition to makeup for evaporation and drift, keeps the concentration 
ol salts and other impurities down. Otherwise these concentrations would continuously 
build up as the water continues to evaporate. As indicated earlier (Table 7-2), the 
evaporation loss rate is 1 to 1.5 percent of the total circulating-water how rate. The 
drift loss IS much less, perhaps 0.03 percent. Large quantities of drift cannot be tolerated 
because, in addition (o the plume |55|, they can cause water and ice deposition problems 
at and near the plant site. Bleeding accounts for an amount comparable to the evap¬ 
oration loss if the solids concentrations are to be kept low but may be reduced il higher 
concentrations can be tolerated. Table 7-3 gives a breakdown of water makeup re¬ 
quirements for typical 1(){K3-MW fossil-fired and water-reactor nuclear powerplants 
for different cooling ranges [53]. It shows that the total makeup is independent of 
range but that the percentage of total How is not. 


Circulating-Water Quality and Blowdown Pollution 

The circulating water is warm and fully aerated, contains suspended solids, is relatively 
high in conductivity, and is a good biological nutrient. 

It is almost always corrosive, requiring a corrosion inhibitor such as chromates. 
To prevent scale and deposits that foul heat-transfer surfaces, it often needs scale 
inhibitors. Silt washed off the air by the cooling tower usually is in the form of small 
colloidal matter and is difficult to remove, but can be treated by a family of chemicals 
called polyelectrolytes. These keep the particles suspended in flowing water but allow 
them to precipitate in basins where they can be removed as mud. Microbiological 
growth (algae, slime, bacteria), besides fouling, contributes to corrosion by shielding 
metal surfaces and thus producing oxygen-concentration cells. In addition, the decom¬ 
position of the organisms produces H 2 S, CO^. and other products, themselves cor¬ 
rosive. Chlorination, alternated w ith biocides, is used (organisms can build up tolerance 
to chlorine, if used alone). 
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Table 7-3 Typical makeup demand for 1000-MW powerplants 


Tower 

water 

Range. flow, 

T gal/mm 

Drift, 

gal/min 

Evap., 
gal/min 


Bleed required to maintain 
concentration,’*^ gal/min 


2 

4 

6 

8 

Fos.sil fueled plant 

15 

6fX).(XK) 

180 

6750 

6,570 

2070 

1 170 

784 

25 

3f>(),(KK) 

108 

6750 

6,642 

3142 

1242 

856 

35 

257,153 

77.2 

6750 

6,673 

2173 

1273 

887 

45 

2(K),(XK) 

60 

6750 

6,690 

2190 

1290 

904 


Total makeup required 

. gal mm 


13,5(H) 

91(K) 

81iH) 

7714 

Nuclear fueled plant 

15 

TO,(XX) 

270 

10.125 

9,855 

3.105 

1.755 

1,176 

25 

540,(XX) 

162 

10.125 

9,963 

3,213 

1,863 

1,284 

35 

385.715 

115 7 

10,125 

1(),(K)9 

3.259 

1.909 

1,331 

45 

3(X).(X)0 

90 

10,125 

10,035 

4.285 

1,935 

1,356 


Total makeup required, gal inm 


20,250 

13.5(K) 

12,150 

11,571 

♦ 

Concentration = (evap 

-t- drift 

+ bleed)'(drift 

^ bleed) 




Note: Based on heat-rejeclion rales of 4.*>(K) and 6750 Btu/kWh, respectively Data based on 
(I) evaporation 0,075 percent of recirculated gal/min per F range and (2) 0.03 percent 
drift loss. Data from Ref 53. 


Because of all the above additives, cooling-tower bleed or blowdown can be an 
unacceptable source of pollution to the natural body of water. (Boiler blowdown is 
another source of pollution. It is mainly thermal but also contains small quantities of 
phosphates and organics.) Bleed may contain chemicals and various minerals contained 
in or added to the circulating water, including chromate inhibitors, various phosphates, 
organic and inorganic compounds, combined with some heavy metals. 

Bleed, therefore, has to be handled with care. Depending upon the size of plant 
and the extent of contaminants, it may be discharged to the body of water, treated 
before being returned, or allowed to mix with other plant wastes, such as boiler 
blowdown, etc., and treated all in one installation. 

An example of treatment is the removal of chromates by reducing them from 
hexavalent form to tnvalent chrome with FeSOa, then precipitated as CXOHIt by 
elevating the pH with lime (or an alkaline stream from somewhere else in the plant). 
The resulting sludge can be disposed of m various ways or reused. Another alternative 
IS to use nonpolluting inhibitors, but these are, at least for now, of questionable ability 
and economics (56|. 

A Hybrid Wet Tower 

Natural-drift cooling towers arc huge in material, height, and land requirements but 
consume little power for operation. Mechanical-draft cooling towers are smaller and 
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Figure 7-14 A hybrid or (an-assislcd hyperbolic lower 

cheaper but consume power and sulTer Irorn air recirculation. As often happens, 
someone has come up with a compromise. This is the hxhird or jan-dssistrd hxpcrbolic 
tower, which combines the best features of natural- and mechanical-draft towers. 

The hybrid tower (Fig. 7-14) has a reinforced crincrete hyperbolic shell, similar 
but smaller than that of the natural-draft tower. In addition, it has a number of large 
electrically driven forced-draft fans situated around the periphery of the base. The 
hybrid tower will have roughly two-thirds the base diameter (45 percent ol the land 
area) and half the height of a natural-draft tower designed for the same performance, 
and hence will have less of a visual impact on the landscape. The fans will give better 
airflow control than natural-draft and will consume less power than mechanical draft 
The high velocity and height of the exit air will eliminate the hot-air recirculation 
problems associated with mcchamcal-draft towers. Hybrid towers can also be operated 
during the cold part of the year without fans as natural-draft units. Construction costs 
will be intermediate between natural- and mechanical-draft towers. 


7-5 WET-COOLING TOWER CALCULATIONS 

Wet-cooling tower calculations involve energy and mass balances. The energy balances 
here will be based on the first-law steady-state steady-flow (SSSF) equation. There 
are, however, three fluids entering and leaving the system: the cooling water, the dry 
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air, and the Water vap>or associated with it. The mass balance should also take into 
account these three fluids. 

Because air humidity is an important factor in wet-tower calculations, a short 
review of tower and psychrometric temiinology is appropriate at this time. 

Approach This is the difference between the cold-water temperature and the wet- 
bulb temperature of the outside air. 

Range (or cooling range) The range is the difference between the hot-water tem¬ 
perature and the cold-water temperature. 

Saturated air This is air that can accept no more water vapor at its given temperature. 
A drop in that temperature would result in condensation and the new cooler air would 
also be saturated. An increase in that temperature would make it unsaturated so that 
it could accept more water vapor. The partial pressure of water vapor m saturated air 
equals the saturation pressure (obtained from the steam tables) at the air temper¬ 
ature. For example, saturated air at 60°F and 14.6% psia, would have 

Partial pressure of water vapor = 0.236 psia 

Partial pressure of dr> air P,, - 14,440 psia 

Total pressure P - 14.696 psia 

Recall from thermodynamics of gas mixtures that the partial pressure ratios, the volume 
ratios, and the mole fractions of constituents are all equal, Water vapor in air is at 
such low pressure (its partial pressure) that it is treated as a gas with little error. 

Relative humidity This is equal to the partial pressure of water vapor in air P, , 
divided by the partial pressure of water vapor that would saturate the air at its tem¬ 
perature Psa,. Relative humidity is given the symbol 0. 



Thus, for air at 60°F, 14.6% psia, and 50 percent relative humidity 
^ = 0.5 X 0.256 = 0.128 psia 

P, = P- P, = 14.6% - 0.128 - 14.568 psia 
P = 14.6% psia 

and <f> = 100 percent refers to saturated air. 

Absolute humidity (also called humidity ratio) This is the air per unit mass of dry 
air (da). Absolute humidity is given the symbol oj. Using PV = mRT for both water 
vapor and dry air 
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_ ^ _ 533P,. _ 0.622P, 
^ ~ ~ 85 .~ P - P, 


(7-4) 


where 53.3 and 85.7 are the gas constants for dry air and water, resp>ectively. The 
absolute humidity of saturated air is then given by 




0 . 622 P,,. 

P - P... 


(7-5) 


In the above example, air at 60°F, 14.696 psia, and 50 percent (f) would have 
CO = 0.005465 lb,„ water vapor/lb^ da and (Uso, = 0.01103. 

Because saturation pressure increases rapidly with temperature (as all vapor pres¬ 
sures do), it can be deduced that warm air can hold much more moisture than cool 
air. 


Dry-bulb temperature This is the temperature of the air as commonly measured and 
used. In psychrometric work, it is called dry-bulb to distinguish it from the wet-bulb 
temperature (below). It is the temperature as measured by a thermometer with a dr>' 
mercury bulb, a thermcKouple, etc., and is given the symbol T or 7jb. 

Wet-bulb temperature This is the temperature of the air as measured by a psychrome- 
ter, in effect a thermometer with a wet gauze on its bulb, hence the name. Air is made 
to flow past the gauze. If the air is relatively dry, water would evaporate from the 
gauze at a rapid rate, cooling the bulb and resulting in a much lower reading than if 
the bulb were dry. If the air is humid, the evaporation rate is slow and the wet-bulb 
temperature approaches the dry-bulb tempierature. If the air is saturated, i.e., cf) = I(X) 
percent, the wet-bulb temperature equals the dry-bulb temperature. Thus, for a given 
T, the wet-bulb temperature is lower the dner the air. The wet-bulb temperature is 
given the symbol 

Dew point The temperature below which water vapor in a given sample of air begins 
to condense is called the dew point. It is equal to the saturation temperature corre¬ 
sponding to the partial pressure of the water vapor in the sample. Thus for the above 
air at 60°F and cp = 50 percent, the dew point equals the saturation temperature at 
0.128 psia, which is 41.3°F. For saturated air T, T^,^, and the dew point are all equal. 

Psychrometric chart This is a chart that relates <p, w, and T but which may 
also contain additional information such as enthalpy and specilic volume (App. M). 
Psychrometric charts are calculated for 1 standard atmosphere pressure and are based 
on a unit mass of dry' air plus associated water vapor, that is, on 1 + oi. Thus all 
data in App. M are for a fixed 1.0 Ib^ of dry air (da) plus a variable o) Ib^ water 
vapor/lb^ da. Check the above examples on the chart. 

Energy balance The first-law SSSF equation with three fluids will now be written 
for the tower fill as a system (Fig. 7-15). It applies to all types of wet towers. Changes 
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Figure 7-15 The tower till ns u stend\-slate 
slcady-now system. 


in potential and kinetic energies and heat transfer are all negligible. No mechanical 
work is done. Thus only enthalpies of the three fluids appear. Following psychrornetric 
practice, the equation is written for a unit mass of dry air 

T tUj/i,., -t- W^hwA — ^h,2 ^ (7-6) 

where h,, = enthalpy of dry air, Btu/lb,,, or J/kg 

io ^ mass of water vapor per unit mass of dry air 

= absolute humidity, dimensionless 

hy = enthalpy of water vapor. Btu/lb„, or J/kg 

W - mass of circulating water per unit mass of 
dry air, dimensionless 

/ih = enthalpy of circulating water, Blu/lb,„ or J/kg 

The subscripts 1 and 2 refer to air inlet and exit, and the subscripts A and B refer to 
circulating-water inlet and exit, respectively. 
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Because of the low pressures and temperatures commonly encountered in towers, the 
above equation can be simplified with little error by the following approximations. 

K .1 - = C, {T. - r,) c^ - 0.24 Btu/(lb^ ■ T) 

h, = from the steam tables 

hw — hf from the steam tables 

The air leaving the system at 2 is often saturated. 


Mass balance The dry air goes through the tower unchanged The circulating water 
loses mass by evaporation. The water vapor in the air gains mass due to the evaporated 
water. Thus, based on a unit mass of dry air 

- 0^1 - W,, - W/, (7-7) 


Equation (7-6) can now be written in the form 

-f WJi,,, - (‘,(7: -- 7.) 4- ^ - (a;. - OJ,) (7-8) 


A( pressures P other than 1 standard atmosphere, where the psychrometric chart would 
not apply, and when 7 and are known, the value of 7',, and hence co, from Eq. 
(7-4), is obtained from the empirical Carrier equation; 


P, (psia) 7, vvh 


(7 - 7, )(7 ■ 7 v,h) 

m)o - i..77Vb~ 


(7-9) 


where 7, is the vapor pressure corresponding to psia, and 7 and are in °F. 


Air densities We will now evaluate p,, and p, in Eq. (7-2), repeated below. 

\P^i (p,. p,)H-— (7-2) 

The driving pressure A7,y, which should equal the air-pressure losses in the tower, is 
used to calculate H in natural-draft cooling towers. Here p,, is the outside air density 
and p, the inside air density at the air exit of the (ill, and H the height of the tower 
above the fill. 1 he density of any gas mixture is equal to the sum of the densities of 
its constituents as they all occupy the same volume. Thus, using p - rn/V — PIRT, 


and 


RJ^ 

7 - P,2 7,: 

R,J: RJi 


(7-10) 

(7-11) 


where the subscripts 1 and 2 again refer to air inlet and outlet, and R, are the gas 
constants of dry air and water, respectively, and the temperatures are in degrees 
absolute. 
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The densities can also be obtained from the specific volume v lines of the psy- 
chrometric chart if P = 1 standard atmosphere. Note, however that these are given 
in ftVlb^ da, so the densities of the moist-air mixture would be 1 a> divided by w 
as given in the chart. Note also that the v lines are rather widely spaced, which leads 
to less accurate evaluations. Small inaccuracies in and p, could lead to large errors 
in the difference between them. 


Example 7-1 A natural-draft cooling tower with a range of 20°F receives 360,000 
gal/min of 90°F circulating water. The outside air is at 60°F, 14.696 psia, and 50 
percent relative humidity. The exit air is at 80°F saturated. Calculate (1) the amount 
of makeup water to compensate for evaporation, (2) the outside air required in 
ftVmin, and (3) the height of the cooling tower if the total pressure losses are 
0.0105 psi. 


Solution Referring to Fig. 7-15, 


(Ui 


L. 

T. 


= 0.005465 (calculated earlier) 

0.622 X 0.50683 

- - = 0.022217 

14.696 - 0.50683 

= 1087.7 Btu/lb,, - 1096.4 Btu/Ib,, 

- 90°F = 90-20 - 70°F vv,^ = 


0,016050 ftVlb^ 


360,000 X 0.1337 

- mass now rate of water entering lower = - 

^ 0.01605 

= 3 X 10*^ Ib„,/min 

h,,, - 58.018 Btu/lb^ h,j, = 38.052 Btu/lb^ 


Referring to Eq. (7-8) 

0.005465 X 1087.7 4 x 58.018 = 0.24 (80 - 60) + 0.022217 

X 1096.4 T [W^ - (0.022217 - 0.005465)1 x 38.052 

Therefore 


W,, - 1.1308 lb,„ water/lb,„ da 




3 x lO'’ 


Dry air required = —^ = - = 2.653 x 10^' Ib^min 

^ ^ VV^ 1.308 

Makeup due to evaporation = 2.653 x 10^(a>2-wi) 

= 0.0444 X 10'’ Ibjmin 

0.0444 X 10'’ X 0.01605 


0.1337 


= 5335 gal/min 
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Referring to Eqs. (7-10) and (7-11) 

_ (14.6% - 0.128) X 144 0.128 x 144 

* 53.34(60 + 460) ^ 85.76(60 + 460) 

= 0.07563 + 0.00041 

- 0.07604 Ibjft' 

_ (14.696 - 0.50683) x 144 0.50683 x 144 

~ 53.34(80 + 460) 85.76(80 + 460) 

- 0.07094 + 0.(K)158 

- 0.07251 Ibjft' 

Total outside air required = 2.653 x 10^’(1 + oj,) 

- 2.653 X lONl X 0.(X)5465) 

= 2.667 X 10^’ Ib^/min 

2.667 X 10" 

Actual volume How rate ol outside air - — ^ — 

0.07604 

- 35.072 X lO"* ft'/min 


Referring to Hq. (7-2) 

Height of tower above fill 




0.0105 X 144 
0.07604 - 0.07251 


- 428.33 ft 


7-6 DRY-COOLING TOWERS 

A ilr\-c(u>lin^ tower is one in which the circulating water is passed through hnned 
tubes over which the cooling air is passed. All the heat rejected from the circulating 
water is thus in the form of sensible heat to the cooling air. A dry-cooling tower can 
be either mechanical-draft or natural-draft. 

Dry-cooling towers have attracted much attention in recent years. They permit 
plant siting without regard for large supplies ol cooling water. lypical sites are at or 
near sources of abundant luel. which cuts down luel transportation costs, at or near 
the utility load-distribution center, which cuts down transmission costs; and at existing 
plants that need to be expanded but do not have sufficient water for the addition. Other 
advantages of dry-cooling towers are that they are less expensive to maintain than wet 
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towers and do not require large amounts of chemical additives and periodic eleam 
as do wet towers. Their main disadvantage is that they are not as efficient as evaporative 
cooling, and the result is higher turbine back pressure, lower plant cycle eUkicncv 
and increased heat rejection. (The situation worsens at high atmospheric air temper 
atures.) Small dry-cooling towers have seen extensive service m such insiallatioik as 
industrial-process cooling, air conditioning, and atrnospheric-air-cooled heat exchan^ 
ers. Large utility dry-cooling towers have seen more usage in Europe where they have 
been developed, with a number of installations in successful operation. The recent 
attraction in the United States is certain to grow as powerplants get bigger and available 
water supplies dwindle so that even the makeup water needed by a w^et tower will be 
burdensome, not to speak of once-through c(H>ling. 

Another important plus for dry-crKiling lowers is the increasingly restrictive en 
vironmental legislation on thermal pollution of once-through systems, blowdown pol 
lution, and fogging and icmg of wet towers, which are a real menace in certain 
localities 

Because of the above-mentioned advantages, dry-ccxiling towers are intended to 
operate only in the closed mode. There arc two basic drv-ctx)ling tower tyf>es; ihrt'a 
and indirect. 

Direct Dry-Cooling Towers 

This system combines the condenser with the tower (Fig. 7-16). Turbine exhaust sicani 
is admitted to a steam header through large ducts to minimize pressure drop and is 
condensed as it flows downward through a large number of finned tubes or coils in 



Condensatt' 

pump 


Flpirt 7-16 Schematic cross section of a direct dry<ooilng lower. 
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parallel (only two are shown). The latter are cooled by atmospheric air flowing in a 
natural-draft cooling-tower setup or, as shown, by a forced-draft fan. As with surface 
condensers (Sec. 6-3), there is a system for removing noncondensables and air. There 
also is a system for the prevention of freezing in cold weather (below). The condensate 
flows by gravity to condensate receivers and is pumped back to the plant feedwater 
system by the condensate pump. 

Direct systems operate at the disadvantage of high vacuum in the cooling coils 
and the need for large steam ducts. They are limited to small-size powerplants. The 
largest direct installation in the United States is the 33()-lVIW minemouth Wyodak 
powerplant near Gillette, Wyoming, built by Pacific Power and Light Co. and the 
Black Hills Power and Light Co. Turbine exhaust steam is admitted to the coils via 
two 13-ft diameter ducts. 

Indirect Dry-Cooling Towers 

ThCvSe are of three general designs. The first uses a conventional surface condenser 
(Fig. 7-17). The circulating water leaving it goes through finned tubing cooled by 
atmospheric air in the tower. The latter could be natural-draft or. as is shown, induced- 
draft. In this design there are two heat exchangers in series and two temperature drops, 
one between steam and water and one between water and air. This double irreversibility 
imposes a severe penalty on turbine back pressure, thus necessitating operating at 
condenser pressures of about 2.5 to 4.0 psia (0.17 to 0.27 bar) compared with 0.5 to 



Plfurc 7-17 Schematic of an indirect dry-cot^mg tower with a convcniional .surface condenser 
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1.0 psia (0.034 to 0,069 bar) for once-through systems. The results are loss in cycle 
efficiency and increased heat rejection. 

The second design of indirect dry-cooling towers eliminates the intermediate water 
loop and uses an open- or direct-contact condenser (also called a jet or spray condenser, 
Sec. 6-2). As operation (of all dry-cooling towers) is in the closed mode and no 
atmospheric or surface water impurities enter the system through makeup, the circu¬ 
lating water can be mixed with the steam from the plant, hence the open-type condenser. 
The turbine exhaust steam enters the open condenser where the cold circulating water 
is sprayed into the steam for intimate mixing (Fig. 7-18). The condensate falls to the 
bottom of the condenser, from which most of it is pumped by a recirculation pump 
under positive pressure to finned tubing or coils in the tower. This part, cooled, returns 
to the condenser sprays. The balance of the condensate, equal to the steam mass flow, 
is pumped to the plant feedwater system by the condensate pump. Again the tower 
may be natural-draft or forced-draft. The ratio of circulation to feedwater is large (Sec. 
6-2). Alternately only one pump may be used on the condensate from the condenser 
and flows adjusted by proper valving. Condensate polishers (Sec. 6-8) may be used 
to maintain the circulation water at condensate quality. Another optional component 
is a water-recovery turbine, between tower exit and condenser inlet, that is connected 
to the drive shaft of the circulating-water pump to recover some of the work of that 
pump. This indirect system is expected to be more efficient, more economical, and 
more feasible for large plants. 

The third indirect dry-cooling tower design uses a circulating vaporizing coolant 


I (dl .III 



Figure 7-18 Schematic of an indirect dry-cooling tower with an open-type condenser 
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Figure 7-19 Schematic of an indirect dr>-c()oIing tower with a surtacc condenser and a two-phase recir¬ 
culating cxKilant (ammonia) 

instead of water. The one that has been developed uses ammonia as the heat-transfer 
medium between the steam and air (Fig 7-19). The use of ammonia enables phase- 
change heat-transfer boiling in the condenser tubes and condensation in the tower 
tubes. Nearly saturated liquid ammonia enters the surface condenser and is vap(^nzed 
to saturated vapor. The vapor flows to the lower tinned coils and is condensed to 
saturated liquid. The latter is pumped back to the condenser. The boiling and con¬ 
densation modes have much higher heat-transfer coefficients, on the tube side, than 
forced convection of a single-phase fluid (as water in Fig. 7-17). This results in (1) a 
lower temperature difference between steam and ammonia, and between ammonia and 
air, and (2) reduced size and power requirements of the equipment. An optional addition 
is a compressor on the ammonia vapor to raise its temperature sufliciently above that 
of the air during particularly hot days, which would result in enhanced heat transfer 
in the tower. This makes the system resemble that of a vapor-compression relrigeration 
system. The work of the compressor can be partly recovered by the placement of an 
expander (turbine) in the liquid line. 

A 6-MW demonstration plant using an ammonia system is undergoing tests near 
Bakersfield, California. The plant is part of the 150-MW Kem powerplanl of the 
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Figure 7*20 An artist's conception of a drv cooling tower system serving a twin-reactor nuclear powerplant 
in an and area. iCourte.w the Marlex C 'oohni^ Toner i 'ornparw. Mission. Kansas i 


Pacific Gas and Electric Co. The tests are sponsored by the EJectnc flower Research 
Institute, the Department of Energy , and a consortium of utilities 157). 

Themiodynamic data of amomnia may be found in App. C. 

Because of their lower heat-transfer capabilities, dry-cooling towers in general 
are larger and require more land area than wet towers. Figure 7-20 is an artist’s 
conception of the dry-cooling tower system needed for a twin-reactor nuclear pow 
erplant. 


7-7 DRY-COOLIING TOWERS AND PLANT EFFICIENCY 
AND ECONOMICS 

A parameter of importance to dry cooling towers is the iniiial temperature difference 
(ITD), given by 

ITD = temperature of hot water or other fluid entering the 
tower - temperature of outside cooling air 

The temperature of the outside air here is the dry^-bulb temperature. Wet-bulb tem¬ 
peratures do not apply to dry-cooling towers. The most economical ITD range is 50 
to 60°F (10 to 16°C). 
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The heat dissipated by a dry-c(X)ling tower is proportional to the product of the 
size of cooling surface in the tower and the ITD, other things being equal. Thus for 
a given tower, an increase in load causes an increase in ITD, and hence an increase 
in the temperature of the circulating water entering the condenser and the back pressure 
on the turbine. For example, if the outside air is at 74°F, ITD ^ the tower inlet 

circulating water temperature is 134^'. With a 6°F condenser terminal temperature 
difference, the steam condensing temperature would be 14()°F, corresponding to 2.89 
psia (0.2 bar). 

If the plant heat rejection increases by 10 percent, ITD becomes 66°F and the 
condensing temperature and pressure w'ould climb to 146'’F and 3.37 psia (0.23 bar). 

On the other hand, it the heat rejection and ITD remain the same, but the outside 
air temperature increases from 74''F to 90' F, the condensing temperature and pressure 
would be L'^b'^F and 4 31 psia (0.3 barC 

This dependency ol tower pertormance (m load and outside temperature is much 
more pronounced lor drv towers than for wet ones because the latter depend upon 
evaporation for much of their heat-rejection mechanisiri. For a wet tower operating 
with the same air at 90'T' dry-bulb, and 7b'T' wet-bulb, and with 18“F' approach, 24°F 
range, and b°F TTD, the corresponding values would be 124''F and 1,890 psia (0.13 
bar). 

In many part * of the United States, 90"F' air is exceeded during a good part of 
the summer and condensing temperatures of dry-cooling towers would range from 
15()''F to lb0°F, corresponding to 4 3 1 and 4.74 psia (0.3 to 0,33 bar). During extremely 
hot weather condensing pressures may reach b or 7 psia (0.4 to 0.48 bar). 

These turbine back pressures, w hich compare wath ().!> to 1.0 psia for once-through 
ciKiling systems, result in the loss of turbine work and cycle efficiency and an increase 
in heat rejection, thus necessitating a bigger tower yet. So, although dry-cooling lowers 
save water, thermal pollution, fogging, etc., they are not as effective as wet towers, 
a natural consequence of heat transfer to air being lower than evaporative heal transfer. 
Figure 7-21 shows the operating turbine back pressures when the ambient temperature 
is changed from a base of lOO'Tv For example, if the tower is designed to yield a 
turbine back pressure of b inHg absolute (2.9S psia, 0.2 bar) at 1(X)''F, an ambient 
temperature of b()“F would reduce the turbine back pressure to 2 inFIg abs (1 psia, 
0.()b8 bar). 

The turbine work losses lor the 90'T air example above would be around 6.5 
percent, compared with 0 4 {X'rccnt for a wet tower at the same conditions. Recall 
(Chap. 2) that a small change in pressure at the low-pressure end of turbine expansion 
results m a much larger change in work than a corresponding change at the high- 
pressure end. 

The effect of using dry-coolmg lowers on electnciiy unit production costs versus 
using once-through and wet-cooling towers is given in Table 7-4 for three nuclear 
plants under construction (1,2, and 3) and a hypothetical nuclear plant (4) in various 
pans of the United States. The study, conducted by R. W. Beck and Associates, was 
based on 1975 completion date prices and the figures should now be used only in a 
relative sense. Unit power costs are in mill/kWh (1 mill = l/KXK) of a U S. dol¬ 
lar = O.l^). They are the sum of fixed charges on the capital costs, the fuel cycle 
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Figure 7-21 Effect of change in am¬ 
bient air temperature on condenser 
pressure for various design pressures at 
l(X)°F air temperature [51]. 


Table 7-4 Increase in busbar cost as a result of using dry-cooling rather 
than wet-cooling towers, mill/kWh* 

Fixed charges 

Plant cording 12% 15% 18%: 

systemt - - - 

Fuel costs, Btu 



15 

18 

21 

15 

18 

21 

15 

18 

21 





Mcchanical-draft-dry- 








cooling system 




1 

0.99 

1.02 

1.05 

1.18 

1.21 

1 24 

1.36 

1.39 

1.42 

2 

0 81 

0.82 

0.83 

0 94 

0 95 

0.97 

1.07 

1.09 

1.10 

3 

0 71 

0.73 

0.74 

0.85 

0.87 

0.87 

0.98 

0.99 

1 01 

4 

0.72 

0.73 

0.74 

0.86 

0.87 

0.89 

0.99 

1 01 

1.03 





Natural-draft dry- 








ccK)ling system 




1 

1 04 

1.07 

1 10 

1.25 

1.27 

1.30 

1.44 

1.47 

1.50 

2 

0 88 

0,89 

0.89 

1.03 

1.30 

1.05 

1,17 

1.18 

1.19 

3 

0.81 

0.82 

0.82 

0.96 

0.97 

0.98 

1.11 

1.11 

1,13 

4 

0.76 

0.77 

0.72 

0.91 

0.91 

0.92 

1.05 

1.06 

1.07 


* Data taken from Ref. 51. 

t 1 = Once-through, northeastern plant, 906.6 MW 

2 = Mechanical-draft wet tower, southeastern, 860.6 MW 

3 = Natural-draft wet tower, western, 928.5 MW 

4 - Mechanical-draft wet tower, eastern, 860.6 MW 
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costs, and operation and maintenance costs and hence depend on the initial plant costs 
and plant efficiency. 

The above dry-coc»ling tower “effects” must be coped with. Large turbines capable 
of operating at high back pressures need to be used and optimized with dry cooling. 
Units capable of back pressures up to 15 inHg abs (7.4 psia, 0.5 bar) can be obtained 
by strengthening or eliminating the last row of blades of existing turbines or by 
designing a new line of turbines. 

The loss of effectiveness during periods of excessively high ambient temperatures 
and/or high electric demand can be countered by the use of water. Several schemes 
are considered; 

1. The deluge or spraying with water of the outside tube surfaces. (The tower may 
be designed to have the tubes surrounded by a wet-tower-type fill for that purpose.) 

2. Ccxiling the inlet air by presaturation (by water evaporation) or by sensible-heat 
removal [58]. 

3. Using an additional standby wet-cooling tower. 

4. Using an additional standby circulating-water system, a scheme considered with 
ammonia towers (above). 

5. Using wet-dry cooling towers (below). 


7 8 WET-DRY-COOLING TOWERS 

We have seen that wet-cooling lowers consume some water by evaporation, drift, and 
bleed and that they suffer from plume problems. We have also seen that dry-cooling 
towers impose a penalty on powerplant operation, e:>pecia]ly during periods of hot 
weather. As often happens in such cases, a compromise wct-dr) cooling tower has 
been developed that reduces these disadvantages. 

As the name implies, a wet-dn-cooling lower operates by a combination of wet 
and dry ecKiling It has two air paths in parallel and two water paths in series. Figure 
7-22 shows a mechanical- (induced- )drafl wet-dry cooling tower. The top part ot the 
tower, below the fan, is the dry section that contains finned tubing. The lower, wider 
part is the wet section that contains the fill. The hot circulating water is admitted 
through a header at midsection. It first flows up and down through the dry section 
finned tubing. It then leaves the dry section and gravitates through the fill of the wet 
section towards the cold-water basin. 

Ambient air is drawn in two streams through the dry and wet sections. The two 
streams converge and mix inside the tower before leaving it. Because the first stream 
is dry heated and comes out even drier (lower relative humidity) than ambient air, 
whereas the second stream normally is saturated, the mixture leaving the tower is 
subsaturated (Fig. 7-23). 

There are, therefore, two primary advantages of the wet-dr\'-cooling tower: (1) 
The subsaturated exit air provides a les. visible plume than a completely wet tower 
and, in favorable weather conditions, co npletely eliminates it. (2) Because the water 
is precooled in the dry section, evaporative losses and hence makeup are substantially 
reduced. 
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Figure 7-22 A wcM-dry cooling tower with an induccd-drall Ian 


The ratio of heat removed in the dry and wet sections is adjusted both by design 
and operation. For example, if water consumption is the mam problem, the lower is 
built with a larger dry section than wet section. In addition, evaporation can be varied 
by a control device that would regulate airflow' through the wet section. In cold winter 
weather, the tower can operate nearly dry by blocking the air through the wet section. 
On the other hand, a doorlike damper, located in the heated air stream between dry 
heat exchanger and fan, reduces airflow' through the dry section, thus allowing airflow 
to increase in the wet section. This damper is used in hot weather where the dry section 
(like a completely dry-cooling tower) would pose a penalty on powerplant performance. 
The damper is not intended to be completely closed, however, because of the necessity 
for plume control. 

Wet-dry-cooling towers are seeing increasing service in those in-between cases 
of moderate water availability and the need for good though not complete plume 
reduction. 
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Fijjure 7-23 PsychromelriL- chart rcpresemation ol v^ct and v.ct-dty c(M)linc lowers A R v\cl-CDoliiif: 
tower m summer Kxil air at B mixes with outside air at A outside tower resultinjL iii (' and vanishing plume 
visibility D-E wet cot^ling-tower optTation in winter Exit at 1 mixes with outside air at D resulting in 
condensation (c/) ’ l(X) percent) and Riggy plume at R With dry p<irlion <>1 wet dr> cooling tower l)G. 
exit air would be subsaturated at H. resulting in no visible plume 


7-9 COOLING-TOWER ICING 

king is a problem in bt)ih wet and dry tt^wers m cold weather. In wet towers, ice may 
form where the cold air entering the tower lirst comes into contact w ith the wuter. It 
usually forms on air-intake louvers and on hll nearest to them. It allowed to build up. 
It may restrict airtlow' and/or cause structural damage. In natural-draft wet towers this 
condition is controlled by increasing warm-water How to the (^uter periphery near the 
air intake, thus melting the ice and preventing new ice formation. In mechanical-draft 
wet towers, where the amount of ice foiTned is directly proportional to airflow, icing 
IS controlled by reducing fan speed or shutting it down completely or by using fully 
adjustable air-intake towers. This reduces cooling and allows the warmer water to melt 
the ice. In extreme cases, such as extended periods of extremely cold weather, the 
fan may be reversed so that both warm air and water help in melting the ice. In 
multicell mechanical-draft lowers, fans are usually shut off alternately for 12-h periods 
during ice-forming periods. 

In dry-cooling lowers, the problem is that of freezing of condenser cooling water 
inside the heat-exchanger tubes during times of extremely cold outside air. Water has 
a minimum specific volume (or maximum density) at about 4°C, or When it 

freezes to ice at 0°C, its specific volume increases about 10 percent. If the expansion 
is unhindered, no problems arise, as for example when a crust of ice fomis on the 
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inner surface of a tube with water flowing through it. However, if plugs of ice form 
or the flow is stopped by valves, the increase in volume of the icc and trapped water 
can cause severe stresses in the tube walls. 

Normal full-load (full water-flow) operation usually poses no problems even in 
freezing weather. The problem arises at ver\' low ambient temperatures, at reduced 
load, and/or if the tower or a section of it is .shutdown and not properly drained of 
water. 

Theoretical analyses of freezing inside tubes in the static case (water at rest), in 
steady flow, and in transient conditions are fairly complex and w ill not be attempted 
here. A review and analysis of the problem, as well as recommendations for preventing 
ice fomiation inside dry tower tubes or keeping it within tolerable limits, may be found 
in Ref. 58. 


7-10 COOLING LAKES OR PONDS 

Cooling lakes, also called ponds, are the oldest and simplest type of artificially made 
heat-rejection systems. Hot circulating water from the condenser is simply dumped 
into an artihcially made lake (or a moditied natural lake, regulations permitting) and 
left to cool. Cool water from the lake is returned to the circulating-water system. 
Cooling is accomplished naturally by evaporation, by thennal radiation to the sky, 
especially during cloudless nights, and by convection to the wind. The cooling rates, 
unaided by any mechanical means such as sprays (below), are slow, and very large 
land areas are required for such lakes. The water residence time has to be long, thus 
requiring a large separation distance between intake and outlet. The effectiveness ol 
a cooling lake may be enhanced by making the hot water circulate around a senes of 
baffle dikes or natural barriers so that most of the lake area is utilized for cooling. 
Some grill work, partitions, and troughs may afso be added. 

Cooling lakes may be formed by enclosing a relatively flat area with a dike and 
filling it with water. The result is a pershed lake. Another method is damming a natural 
watershed, which results in a naiural coniour lake. 

The main disadvantages of a cooling lake, as mentioned above, are the very low 
cooling effectiveness and therefore the very large acreage required. Others are the 
costs of added structures and the relative lack of freedom in chcKising its shape. Its 
advantages are simplicity, low maintenance, the ability to operate for extended periods 
without makeup water, and the low power requirements, as the only mechanical 
equipment needed are pumps for occasional addition of makeup water. Circulating- 
water pumps are of course needed by cooling lakes, as by all other systems. Another 
advantage is that the appearance of cooling lakes is less objectionable than cooling 
towers and that they can be turned into recreational areas. 

The heat transfer to and from a large body of water such as a cooling lake is a 
complex combination of many processes (59J. The processes by which heat is added 
are: 

Heal addition to the lake from the powerpiant 
Absorption of short-wave radiation from the sky 
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Absorption of long-wave radiation from the atmosphere 
Convection through the bottom from the earth 
Transformation of kinetic energy to sensible energy 
Heat addition due to chemical processes 
Condensation of water vapior onto the lake 

The processes by which heat is rejected are; 

Reflection of short-wave solar radiation by the water 
Reflection of long-wave atmospheric radiation 
Long-wave radiation emitted by the water 
Conduction of heat to the atmosphere 
Evaporation from the lake into the atmosphere. 


The net effect, cooling of the lake, is not constant over the total lake area because it 
IS a function of the local water temperature as well as climatic conditions, such as 
dry- and wet-bulb temperatures of the air above the water, wind conditions, solar 
radiation, clouds, day and night variations, and others. 

The lower limit of cooling is the equilibrium temperature. This is the temperature 
that the water asymptotically approaches if all parameters are held constant. The 
equilibrium temperature is given by |60] 


7 ; - T, ~ 

Th -Tt 


(7-12) 


where 


Tf. ~ equilibrium temperature, ‘F or C 
Tc ~ cold-water temperature, ‘ F or °C 
7// hot-water temperature, 'F or °C 

U — overall heat-transfer coefficient, Btu/(h • iv ■ "‘F) 


or W/(m“ • °C) 

V 

A — lake surface area, ft- or nv" 
m = water mass-flow rale, lb,„/h or kg/s 
c ~ water specific heat, Btu/(lb^, ■ °F) or J/(kg • K) 
and the heat dissipation rate Btu/h or W, is given by 


Qk = mtiTn - Tc) 


(7-13) 


Values of Tf. and V depend upon the weather conditions, including solar and sky 
radiation, dry- and wet-bulb temperatures, and wind speed. They can be evaluated by 
procedures outlined in Refs. 61 and 62. The quantity A!me is then obtained and used 
to size the Jake for design conditions of U, 7^, 7/y,and Tc The same quantity can 
also be used to analyze off-design performance. In a numerical example (59|, the 
quantity UA/mc was 1.173 and U was 11.0 Btu/(h ■ ft^ °F) |62.4 W/(m^ ■ °C)). 
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The foregoing is a simplified model that neglects stratification; i.e., it assumes 
the entire surface area is equally effective and that there are constant and uniform 
weather conditions. Further uncertainties include such effects as buoyancy, turbulence, 
and the effects of makeup water and extraneous streams. A rigorous treatment of the 
problem requires a computerized hydrodynamic model, which is beyond the scope ol 
this book. 
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Fljpire 7-24 The cooling-canal system ot ihe Turkey Point generating station at Biscaync Bay, Florida. 
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Long-term tests on actual cooling lakes 163} have shown that the average heat 
dissipation from the surface was about 3.5 Btu/d(h • fl^ ■ °F), or 20 W/(rn^ ■ T), and 
that an area between 1 and 2 acres (4fK)0 to 8(KX) nr) is required per megawatt of 
plant output. 

Figure 7-24 shows a plan lor a closed cooling-canal system at the Turkey Point 
generating station of the Florida Power and Light Company at Biscayne Bay which 
has two 432-MW lossil-tuel plants and two 666-MW nuclear plants. The system is 
composed of 38 channels, with a total length of 168 mi. Water enters a feeder canal 
at 1 and branches into 32 channels traveling south at 0.25 ft/s (0.076 m/s) to a collector 
canal at 4, then north through 6 channels back to the plant. Control structures around 
the circuit adjust flow, blowdown, and makeup. Regulations restrict the salinity, 
temperature, and flow of purge water into Card Sound at 5. 


7-11 SPRAY PONDS AND CANALS 

Spray ponds and canals, in a sense, operate like wet-cooling lowers in that they depend 
primarily upon evaporation for cooling the circulating water. A spray pond is similar 
in water-llow pattern to a cooling lake or pond, onlv much smaller. Like a cooling 
lake, a spray ptmd can be turned into a recreational area. A sprejx canal usually consists 
ot a long open canal or senes of canals In both, water is sprayed into the air above 
the surlace I he ,<f)ray in tlie canal is usually coarser than in the })ond in order to 
reduce the drift loss (carryosei with the air outside the canal boundaries) at the expense 
ol lower heat-lranster rates because ot the coarser drops 

fhe w ater is sjirayed by modules that are self-contained units ctnisisting of etec- 
tncallv driven projiellcr-type pumps that distribute the water through a diffuser system 
to sfiray nozzles, usually tour per module. 1 he spray pattern lorm a single diffuser 
can range up to 50 ft ( 15 m) in diameter and between 10 and 20 ft ( ^ 3 to 6 m) 

high (Fig. 7-25). Fhe modules are properh spaced within the pond (Fig. 7-26). They 
mav he fixed or (loafing In the latter, lloalation is provided by polyurethane-filled 
(iberglass or stainless steel floats, which can easily be moored into place and attached 
to anchors. 

Fhe spray, consisting ot a very large number of small drops, greatly increases 

the total water siiiiace area in contact with the air. Cooling occurs as the spray is 

propelled upwards and (hen falls down to (he surface. Additional cooling is to be 
expected from the surface as is the case ol a cooling lake. Heat transfer is by evap- 
uration, conduction to the air, and some radiation In warm weather evaporation is 

the predominant motle of heat transfer, whereas conduction is predominant in cold 

weather. Fvaporation, as usual, is allected by weather conditions, dry- and wet-bulb 
temperatures and wind speed, I'he water temperature alter spraying approaches the 
lower wet-bulb rather than the dry-bulb temperature of the air, an advantage of spray 

siK)lirig. 

A simplified governing equation lor a spray canal is [601 

T, - T.h / A( 1 - /) '■ ^ 

-^ e xp I -- 


(7-14) 
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Figure 7-25 A typical spray module and patteni from a diffuser system consisting of four noz/Jes [f)3) 
(a) Plan view of spray module. {b\ Spray pattern Spraco #1751 nozzle; pressure, 7 Ib/in" gage, flow rate, 
53 gal/mm. 


where = wet-bulb temperature of atmospheric air, °F or '"C 
N ~ number of nozzles 

/ = interference allowance to correct for local wet-bulb temperature elevation 
r = ratio of nozzle flow rale to recirculation water How rate 
b = rate of change of enthalpy with temperature dhldT, 

Btu/(lb^ ■ °F) or J/(kg • K), 
evaluated at a film temperature 
Tf = 0.5 -f Th). given in the table below 
ntu - a characteristic number of the spray system 

Tf, °F 32 40 60 80 100 

6,Btu/(lb^ “F) 0.38 0 48 0.64 0 99 16 
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Ar VJL-Uv; fiken as ^ 43 and nlu was 

,n a namcr.cal example |6()|, the quant.ly Nd - fir vvas taken - 

taken as 0.15. both as climatic conditions, winds. 

The many variables in a spray-ct i analyses useful for 

spray nozzle design, and pond layout, ma results more useful lor 

^;^r.a,,c "r^Sr^nd m's^v:; tn the UnU«l States and abroad. The 

^'"“Ttlme ,"l''ha\;:hc!:nThrhe:;^ ti spray pond averaged ,27 




Figure 7-28 


Spray pond al Rancho Seco nuclear powerplani. 
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Btu/(h ■ tr • °F), or 720 W/(m‘ ■ °C). Comparing this with 3,5 Btu/(h ■ fC • °F) for 
a cooling lake shows that a spray pond would be, on the average, 4 percent as large 
in area as a cooling lake. Others estimate the ratio to be closer to 10 p>ercent. The 
difference is, nonetheless, impressive. The areas are designed from known nozzle- 
module flow rate and the diameter of the spray pattern obtained. For example 163] a 
four-nozzle module under 7 psig pressure delivers 212 gal/min and sprays it over a 
32-ft diameter area (Fig. 7-25). It is important to provide a sufficiently free airspace 
between sprays so that they will not interfere with one another and thus reduce the 
efficiency of cooling. The number of modules is easily obtained from the total water 
flow. (The recommended spacing is as shown in Fig. 7-26.) Figure 7-28 is a photograph 
of a typical spray-pond installation at Rancho Seco nuclear powerplant, near Sacra¬ 
mento, California. 

Finally, cooling lakes and spray ponds and canals can be combined with cooling 
towers, once-through or other circulating-water cooling systems, both open and closed, 
to supplement cooling requirements both for new- plant construction and existing in¬ 
stallations. 


PROBLEMS 


7-1 A povvcrpliint ot ihc prcssun/cd w;Ucr nucicar-rcactof l\pc uses Dnee-through eoaling Irum 

a river Regulations do not penmi cooling viator discharge back to the river holler than .S C above river 
ambient Estimate (a) the necessary water How, in kilograms per second, and {h) the reduction, in percent, 
in this water flow i.‘ the plant elticiencs is improved by 1 percentage point Take c,, tor water 4 1 K4 
kJ/kg K 

7*2 A 9(X)-MW powerplant of the pressuri/ed water nuclear-reactor type uses a wet ctniling lower in the 
closed mode The condenser range is !()'(' ['stimate, for hot weather conditions, I(J) the amount ot makeup 
water flow' m kilograms per second. (^) the percent makeup flow of the total condenser flow , and (( ) the 
reduction, m percent, in the makeup if the plant efficiencs is improved b\ 1 percentage point 
7*3 A natural-draft ctxiling lower is 450 ft high .Air enters the lower at 14 6% psia. .SO T, and 50 percent 
relative humidity and leaves m a saturated condition The pressure drop in the ti>wer is 0015 psi Calculate 
(d) the air exit temperature, in degrees f ahrcnheii, and (/O the makeup due to evaporation, m pound mass 
per pound mass of dr)' air 

7-4 A natural-draft C(K)ling tower rcccMves 250.0(X) flVmin of air at standard atmospheric pressure, 70 f , 
and 45 percent relative humidity The air leaves saturated at l(X)°b 35(.X) gallons per minute ot water at 
I04°F IS cooled. Calculate (a) the temperature of the water at tower exit, and the necessary height of 
the lower if the total pressure losses arc 2 (X) IbCfi’ 

7-5 An induced-draft co<iling tower cools 90,(XX) gallons per minute ot water from K4 to bH b Air at 29 75 
inHg absolute pressure, 70°F ciry bulb and 6(Tf' wet bulb, enters the tower and leaves saturated at SO F. 
Find (a) the volume flow rate of air, in cubic feet per minute, and (h) the makeup water required, m pound 
mass per hour. 

7-6 A wet ccxjling tower receives 1 .5 lO^ Ib^^min of condenser water at 96 b, and 1.25 x lO Ib^ 

min of air at I standard atmosphere. 62‘’F. and 50 percent relative humidity The air leaves saturated at 
82°F. Calculate fa) the exit water temperature, in degrees Fahrenheit, and (h) the percent condenser cooling 
water makeup due to evaporation 

7-7 A cooling tower is situated ab( 7 ve sea level where the pressure is 14 5 psia ,Air at 50 b and 50 percent 
relative humidity enters the tower at the rate of 2 x I O'’ lb„,.'min and leaves saturated at SO b. The 
condenser cooling water enters at 96T The condenser range is I8"b Calculate (u) the mass flow rate of 
the condenser cooling water, and (/?) the makeup due to evaporation, in pound mass per minute 
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7-8 A mcchanical-draft cooling tower receives 3.3 x 10* Ibjmin of condenser water at 92°F The 
condenser range is 20°F The outside air is at 60T dry bulb, 46°F wet bulb, and 14.6% psia. The exit air 
is saturated at 82°F, The pressure drop in the lower is 0.0125 psi. Find the fan horsepower requirements 
in the case of (j) an induced-draft fan, and {h) a forced-draft fan. Assume that both fans have an efficiency 
of 65 percent. 

7-9 A cooling tower receives 3 3 x 10* lb,n/min of condenser cooling water at 92°F. The condenser range 
is 20‘’F. The outside air is at 60°F dry bulb, 46°F wet bulb, and 14.696 psia. The exit air is saturated at 
82T. The pressure drop in the tower is 0.0125 psi. (The conditions are the same as those in Prob 7-8.) 
Calculate (o) the height of the tower if it is of the natural-draft type, and {h) the forced-draft horsepower 
requirements if a hybnd wet tower half the height of the natural draft tower is used Because the pressure 
drop is mainly in the fill, assume that both have the same pressure drop. The fan efficiencies are 65 p)ercent. 
7-10 A hybrid lower is designed to cool 2 x lO** lb,„/h of condenser water from 94 to The outside 
air is at one standard atmosphere, 66°F dry bulb, and 60“F wet bulb. It leaves the tower saturated at 86°F 
The pressure drop in the tower is given by 5 75 X I(T'^ psia, where is the mass flow rale of air 
in pound mass per hour. Calculate the height of the hybnd tower if the total fan pt)wer should not exceed 
3(XX3 kW. The fan efficiency is 0.65. 

7-11 An induced-draft wet cooling tower situated on a natural body of water at bOT operates in the helper 
mode. The toul condenser water flow is 3 x 10* lb„^min The condenser exit water is at 96°F The lower 
receives half the condenser water, and 1 x 10* lb,j'min of air at 1 standard atmosphere, at 62T, and 50 
percent relative humidity. The air leaves the tower saturated at 82°F. Calculate (u) the water supply from 
the lake in pound mass per minute, assuming losses due to evaporation only, ih) the tower water exit 
temperature, and (c) the condenser inlet temperature, in degrees Fahrenheit 

7-12 It is desired to compare the effect of two types of dry cooling tower systems on powerplant perfonnance 
The towers are of the indirect cooling type. One operates with a surface condenser with an 8‘’F terminal 
temperature difference, and the other with a direct-contact condenser with O^’F terminal temperature dif 
fcrence, Consider for simplicity a simple ideal Rankinc cycle with inlet saturated steam at 1000 psia. Further 
consider that both have the same condenser cooling water mass flow rate of 7.21 x 10^ Ibjh, the same 
inlet temperature of 70°F, the same dry tower air temperature range of 60®F in and 90°F out, and the same 
air mass flow rate of 5 x 10* lb,Jh. Calculate for each case (a) the condenser temperature, in degrees 
Fahrenheit, and pressure, in psia, (b) the steam mass flow rale, in pound mass per hour, ic) the cycle 
efficiency, and (d) the cycle work, in megawatts, ignonng the pump work 

7-13 A wet-dry cooling tower receives 20 x 10* lb„^^h of condenser cooling water at 110“F. The water 
is cooled in the dry section to 90°F and in the wet section to 70^ The outside air is at 1 standard atmosphere, 
fiOT, and 40 percent relative humidity. The air leaves both dry and wet sections at Sl^F Calculate [a] lor 
the dry section the outside cooling air required, in pound mass per hour, and the relative humidity leaving 
it, (/>) for the wet section the outside cooling air required, in pound mass per hour, (t) the condition 
(temperature and relative humidity) of the air leaving the tower, (d) the required makeup of condenser 
cooling water due to evaporation, in pound mass per hour, and (e) the percentage savings m that makeup 
because of the use of a wet-dry' instead of an all-wet tower 

7-14 A cooling lake is used to cool a 200-MW powerplant that has a 39 percent efficiency The condenser 
cooling water inlet and exit temperatures are 75“ and 95“F, respectively. The lake equilibnum temperature 
and overall heat-transfer coefficient based on the available climatic conditions are 65°F and .15 
Btu/h • ft^ • “F. Dclcrnune the surface area of the lake, in acres. 

7-15 A spray pond is used to cool a 200-MW powerplant that has a 39 percent efficiency The condenser 
cooling water outlet temperature is 90^. The atmosphere is at 70°F and 60 percent relative humidity The 
spray nozzles have ntu = 0.15, r = 0.015 and j = 0.25. Determine (a) the numcr of spray modules 
required, (b) the flow per module, in gallons per minute, and (c) the approximate pond area, in acres 



CHAPTER 

_ EIGHT 

GAS-TURBINE AND COMBINED CYCLES 


8-1 INTRODUCTION 

Gas turbines are used by themselves in a very wide range of services, most notably 
tor powering aircraft of all types but also in industrial plants for dnving mechanical 
equipment such as pumps, compressors, and small electnc generators in electrical 
utilities and for producing electnc power for peak loads as well as for intermediate 
and some base-load duties. 

There is also growing interest in using gas turbines in combined-cycle plants. 
These plants use combinations of gas and steam turbines in a variety of configurations 
ol turbines, heat-recovery boilers, and regenerators. 

Gas turbines for industrial and utility applications have many advantages. Com¬ 
pared with steam plants they, and their total systems, are small in size, mass, and 
initial cost per unit output. They are available with relatively shon delivery times and 
arc quick to install and put to use. They are quick-starting, often by remote control, 
and are smooth-running. They offer flexibility in supplying process needs, such as 
compressed air, in addition to electnc power and in using a range of liquid and gaseous 
Itiels, including the new synthetic fuels like low-Btu gas (Sec. 4-11), They are also 
subject to fewer environmental reslnclions than other prime movers. 

Gas turbines have one major disadvantage that prevents utilities from using them 
as major base-load prime movers; their present low cycle efficiency. Another disad¬ 
vantage is their incompatibility with solid fuels. The combinations of low capital cost 
and low efficiency have determined their use primarily as power-peaking units where 
they are not expected to be on line for more than i(XX) or 2000 h/year and where a 
^arge steam plant designed to meet peak loads would operate at an uneconomical load 
factor during most of the year. 
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Improvement in gas-turbine cycle efficiencies can be effected by a boost in the 
inlet combustion gas temperatures to the turbine from the present 2000 to 2300®F 
(1100 to 1260°C). Manufacturers are engaged in expensive research and development 
work to raise this to close to 2800°F (1540°C), with an eye on 3000°F (1650°C) for 
the future. 

The use of gas turbines in combined cycles is one scheme to overcome their 
present low cycle efficiency for utility base-load use, while at the same time offering 
the utilities the gas-turbine advantages of quick starting and flexible operation over a 
wide range of loads. 

Gas turbines are available in one- or two-shaft models (Fig. 8-1). The latter has 
two shafts that rotate at different speeds. One shaft has the compressor and a turbine 
that drives it, the other has the power turbine connected to the external load. Or one 
shaft might have high-pressure sections of the compressor and the turbine, while the 
other has the low-pressure compressor, turbine, and external load. In either case, the 
portion of the system containing the compressor, combustion chamber, and high- 
pressure turbine is sometimes called the gas generator. The two-shaft configuration 
allows the load to be driven at variable speed, which is well suited to many industrial 
applications. Gas turbines designed for aircraft propulsion are sometimes mtxlified and 
used for industrial service [64J. Single-shaft turbines have the compressor, turbine, 
arid load on one shaft running at constant speed. This configuration is used to drive 
small generators as well as large generators for utility use. 

Gas-Turbine Cycles 

The hot gas emerging from a combustor or a gas-cooled reactor can be used directly 
as the primary working fluid, i.e., by expanding through a gas turbine, or indirectly, 
by heating a secondary fluid acting as the working fluid. For each of these two cases, 
i.e., the direct or the indirect cycle, we may also have an open or a closed cycle. 
Following are the possible combinations. 


Combust ion l hambrr. 
or rt-actoi 


Hinh pirssuii' 




Figure ft-1 Schematic of a direct open gas-turbine cycle; (a) single shaft and (b) two shaft. 
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Figure 8-2 Schematic of an indirect open gas-turbine cycle 


Direct open cycle The direct open cycle is shown schematically in Fig. 8-1. The gas 
enters a compressor at point 1, where it is compressed to point 2. The gas then enters 
the combustion chamber or reactor, where it receives heat at constant pressure (ideally) 
and emerges hot at point 3. From there it expands through the turbine to point 4. The 
hot exhaust mixes with the atmosphere outside the cycle, and a fresh cool supply is 
taken in at point I. The turbine supplies the compressor power. Useful power may be 
supplied by the turbine (or by the gas expanding further in a noz/de that supplies 
propulsion to the vehicle carry ing the power plant, such as a jet aircraft). Because this 
IS an open cycle, air is the only leasible working Huid (on earth). 


Indirect open cycle The elements of the indirect open cycle (Fig. 8-2) are similar to 
those m the direct open cycle except that here the air is a secondary fluid that receives 
Its heat from a primary coolant in a heat exchanger. This cycle is suitable tor uses 
where environmental concerns prevent the air from receiving heat directly, such as 
from a nuclear reactor where radioactivity releases may spread to the atmosphere. 
Nuclear-reactor use, however, is best served by a closed cycle (see below). 


Direct closed cycle In the direct closed cycle (Fig 8-3) the gas coolant is heated in 
the reactor, expanded through the turbine, cooled in a heat exchanger, and compressed 
back to the reactor. In this cycle a gas other than air may be used. No effluent of 
radioactive gases passes into the atmosphere under normal operating conditions. Closed 
cycles permit pressurization of the working fluid with consequent reduction in the size 
of rotating machinery. The most suitable working fluid in this case is helium. 

Indirect closed cycle The indirect closed cycle combines the indirect open cycle and 
the direct closed cycle in that the reactor is separated from the working fluid by a heat 
exchanger, whereas the working gas rejects heat to the atmosphere via a heat exchanger 
(Fig. 8-4). The primary coolant may be water, a liquid metal, or a gas such as helium. 
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Reiictor 



Figure 8-3 Schematic of a direct closed gas-turbine cycle 


8-2 THE IDEAL BRAYTON CYCLE 

The ideal cycle for gas turbine work is the Brayton cycle. It is composed of two 
adiabatic-reversible (and hence isentropic) and two constant-pressure processes (Fig. 
8-5). The gas is compressed isentropically from point 1 to 2, heated at constant pressure 
from 2 to 3, and then expanded isentropically through the turbine from point 3 to 4. 
Cooling occurs from point 4 to point 1, either in a heat exchanger (closed cycle) or 
in the open atmosphere (open cycle). 

The work done in the turbine (a steady-flow machine) per unit time (power), with 


Reactor 



or water 


Figure 8-4 Schematic of an indirect closed gas-turbine cycle 
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Figure 8-5 P V and T s diagrams of an ideal Brayton cycle. 


relatively negligible change in the kinetic energy of the gas, WV in Btu/h or W, is 
equal to the rate of change in its enthalpy. Thus 

Wj ^ ~ ^ m{h^ - h^) ( 8 - 1 ) 

where H ~ total enthalpy of flowing gas, Btu/h or W 

h - specific enthalpy, Btu/lh^ or J/kg 
m ~ mass rate of flow of gas, Ih^/h or kg/s 
For a gas, Eq (8-1) may he rewritten m the form 

W’; = m Cp(T) dr (8-2) 

where is the specihc heat at constant pressure of the gas, which is a function of 
temperature T. 

We will now assume constant specihc heats for simplicity, a procedure sometimes 
referred to as analysis for the air-standard cycle (when is a constant for air). However, 
It should be noted that specific heats for monatomic gases such as helium and argon 
are essentially constant and independent of temperature (except when highly com¬ 
pressed, at very low temperatures and high pressures). Specihc heats increase with 
temperature for diatomic gases such as air and and increase even faster with 
temperature for tnatomic gases such as COp (Fig. 8-6 and Table 8-1). The following 
analysis, therefore, is exact for monatomic gases and only approximate for others. For 
a constant t;,, Fq. (8-2) becomes 

Wj = - TO (8-3) 

Using the perfect-gas laws (Table 1-2), we can write Eq. (8-3) in terms of the pressure 
ratio across the turbine given by 


P^ 



which is related to the absolute temperature ratio across the turbine by 


T, 

T, 


- 1 ).'* 

' Pj 


(8-4) 
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Figure 8-6 Vanaiion of molar Cp with temperature for var 
ious gases. 


where k is the ratio of specific heats at constant pressure and constant volume 





and since ~ c\ = R ( 1 - 14 ) 

where R is the gas constant, a constant t), means a constant and a constant k. 
Equations (8-3) and (8-4) can now be combined to give 


IV7 


mcpj^ 



(8-5) 


Table 8-1 Cp and k for gases at low pressure* 


Gas 

M 

Cp, 

Btu/(lbm 

°F)+ 

k, 

dimensionless 

Low 

1(K)0°F 

2000°F 

Lr)w 

1000°F 

2fK)0°F 

H: 

2.016 

3,421 



1 405 



He 

4.003 

1.250 

1.250 

1.250 

1 659 

1 659 

1.659 

Air 

28.97 

0.240 

0.264 

0 289 

1 400 

1.353 

1.314 

N 2 

28.02 

0 249 

0,269 

0.293 

1 401 

1.357 

1.321 

A 

39.95 

0.125 

0 125 

0.125 

1 668 

1.668 

1.668 

CO 2 

44.01 

0 202 

0.280 

0.313 

1 293 

1 192 

1.169 


* Data from Ref. 65. 

t To convert to kJ/(kg °C), multiply by 4.1868. 
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Using a pressure ratio across the compressor where 

P. 



and 



( 8 - 6 ) 


The absolute magnitude of the rate ol work ol the compressor would also be given 
by 

I IT,-I = m(/?2 - hi) 


Assuming that is, no pressure losses in the cycle, a common as¬ 

sumption in the ideal case, the net work rate of the cycle W„ is given by 

= W, - |W.| = lmr,,(C - 7,)| (^1 - j (8-8) 

The expression within the brackets on the right-hand side of tnis equation is obviously 
the heat added {?, in Btu/h or W 

- mc,,a\ - 7:) (8-9) 

The second expression must then be the cycle thermal efficiency a function of 
both Tp and k 


^th 


= I - 


( 8 - 10 ) 


Although the above equations pertain to constant sfK'cihc-heal gases, the trends 
they predict apply to all gases. The thermal efficiency of the cycle lor any one gas 
(same k) is a sole function of r^, increases asymptotically with it, and is independent 
of initial or maximum cycle temperatures 7, and Ty (As we shall see later, this is not 
true for nonideal cycles.) However, while increases indehnitely with r^, the specihc 
power, the power per unit mass-flow rate (and the specific work or work per unit mass 
of working fluid) does not and reaches a maximum at an optimum r),. This can be 
seen by rewriting Eq. (8-8) in terms of 7i and 7^, using Eq. (8-6). Again for = 

fp. = 




(7., - 7,r;.* 




(8-lla) 


m 


7,(1 - r^p * 




) 


( 8 - 11 ^) 
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Examination of Eqs (8-8) and (8-11) shows the following; 

1. Other things being equal, that is, for the same and k, the work per unit 

mass of gas is a direct function of Cp. Hence, helium can produce more than five 
times WJm than air (at low temperatures). 

2. Other things being equal, gases with higher values of k, that is, higher {k - 1 )/k, 
produce more work per unit mass of gas than gas with lower values of k. Again, 
this shows an advantage for He over air (A for air decreases with temperature). 

3. For any one gas, an increase in from its lowest value of 1.0 (where the work is 
zero) decreases one part of Eq. (8-11) and increases the other. The net work thus 
goes through a maximum at an optimum value of This state of affairs can be 
shown graphically by the three ideal cycles of Fig. 8-7, These operate between the 
same temperatures h and 7\ and have the same inlet and exhaust pressures but 
different values of rp. The net work in each case is represented by the enclosed 
area of the cycle. 


The optimum pressure ratio can be evaluated for ideal cycles by differentiating 
the net work in Eq. (8-11) with respect to and equating the derivative to zero. This 
gives a value of T 2 expressed by 

T: = (T.Td" (8-12) 

and since = T 2 /T 4 - rp ' (for same pressure ratio), then 



(8-13) 


(8-14) 


Note that the quantity k/2{k - 1) decreases as k increases. Thus, for fixed initial and 
maximum cycle temperatures, the optimum pressure ratio for monatomic gases (He) 
is, in general, lower than for diatomic gases (air, N 2 ). These in turn have lower ratios 
than the triatomic gases (CO.). It follows that a monatomic gas, for example, may 



Figure 8-7 Effeci of pressure ratio on ideal Brayion 
cycle work given by enclosed areas on T-s diagram 7 i 
and T^ are fixed for all cycles 
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operate at lower maximum pressures or, if the pressure in the low-pressure section of 
the cycle is increased (in closed cycle), may operate with a larger average density. 
This is accompanied by a reduction in plant size and mass, 


Example 8-1 Find the pressure ratio required by an ideal Brayton cycle to produce 
a net work of 600 Btu/lb^ of (1) helium and (2) air (with at low temp)eratures). 
The cycle has initial and maximum temperatures of 500°R and 2500‘'R, respec¬ 
tively. Also calculate the optimum pressure ratio for both gases. 


Solution 


(1) Helium: 

c,, - 1.250 
From Eq. (8-11); 

600 


.659 


{k 


\}/k - 0.3972 


\ 25(25iK) - 500r;;1 - 


(C 




+ 5 


which yields two values of r,, = 2.16 and 26.62 


2500^ I! 2i\ 6^^ _ 7 

5(X) 


From Eq. (8-11), this optimum pressure ratio yields a maximum work ol 954,8 
Btu/lb„,. Note that r^, = 1.0 results in zero work There is also a maximum 

value of that results in zero work and beyond which the work becomes negative. 
This is the r , that makes T 2 = T\. For He it is given by 


U 

7. 


h 

7, 


2500 

5(K) 


- 5 


which yields a maximum r^, ot 57.5. 

(2) Air: 

c), - 0.24 A - 1.4 (k - 1)/A - 0.2857 

( 1 \ 

6(K) = 0.24(2.500 - SCKV;,'1 - j 

,.o:»57 _ 5 ^ q 

which yields imaginary values of /y, indicating that air is incapable ot producing 
600 Btu/lb,„ 


25(X) 


I 1 4 2 ( 1 4 I )| 
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Figure 8-8 Specific power and clhciency versus pressure ratio tor ideal Brayton cycles operating with 
helium and air. 


Compared with 7.58 for He, the maximum work a( ^ 16 72 from Eq. (8- 

11) is 183.3 Btu/lb^, less than the 600 Btu/lb^, asked for and the 954.8 Btu/lb^ 
He is capable of. The maximum r^, for air, obtained as for He, is 279.6. 

Figure 8-8 shows results of calculations for W/m and T7th lor ideal Brayton 
cycles using He and air as working fluids, where the initial and maximum tem¬ 
peratures T\ and are the same as in Example 8-1, i.e., 500°R and 25(X)°R, 
respectively. Note that the specific work Btu/lb^ of He is generally much higher 
than that of air, and m the practical range of pressure ratios, occurs at much lower 
pressure ratios. Recall, however, that while helium turbines operate with lower 
overall pressure ratios than air, they need many more stages (Sec. 5-9). To obtain 
the specific work based on a unit mole (or volume at same P and 71, multiply the 
ordinates of Fig. 8-8 by the molecular mass of each gas. 


8-3 THE NONIDEAL BRAYTON CYCLE 

The Brayton cycle with fluid friction is represented on the P-V and T s diagrams ol 
Fig. 8-9 by 1-2-3-4. Both the compression process with fluid fnction 1-2 and the 
expansion process with fluid friction 3-4 show an increase in entropy as compared 
with the corresponding ideal processes 1-2, and 3-4,. Drops in pressure during heat 
addition (process 2-3) and heat rejection (process 4-1) are neglected in this analysis, 
so the turbine pressure ratio equals the compressor pressure ratio as before. 

The compression and expansion processes with fluid friction can be assigned 
polytropic, also called adiabatic or isentropic efficiencies (Sec. 1-8), as follows. 
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Figure 8-9 P-[ and I-s diagrams ol ideal and nonideal Bravton cvele 


, idea] work 

T), =- compressor poly tropic clficicncv -- 

actual work 

llz. - / 7 | 

/T. - /l, 

If we assume constant specific heats 

V 

actual work 

and Vf - turbine polytropic elficiency ^- 

ideal work 

lu - 

hx - 


- r. 


(8-15) 


( 8 - 16 ) 


(8-17) 


and for constant specific heats 


Vj 


Tx - T, 
J\ - 74. 


( 8 - 18 ) 


where in each ease the smaller work is always in the numerator. 

The net power of the cycle is HV, - power ol turbine - jpower ol compressor!. 
For constant specific heats 


or 


W„ - rm),l{Tx - T4) " (^2 " ( 8 - 19 fl) 




mCf, 


(Tx - 'UMr - 



( 8 - 1 %) 


This equation can be written in terms of the initial temperature 7i, a chosen metal¬ 
lurgical limit Tu and the compressor and turbine efficiencies (above) to give 
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Wr, = fnCpTi 



v)(' 



(8-19c) 


The second quantity in parentheses can be recognized as the efficiency of the corre¬ 
sponding ideal cycle, i.e., one having the same pressure ratio and using the same 
fluid. As in the case of the ideal cycle, the specific p)ower of the nonideal cycle, 
WJm, attains a maximum value at some optimum pressure ratio and is a direct function 
of the specific heat of the gas used. 

The heat added in the cycle, is given by 


Qa = mCpiT^ - 


3 - T 2 ) = mCp ( 7 , 


jXk - I Vk 

- r.) - ( T -^ 




( 8 - 20 ) 


The efficiency of the nonideal cycle can then be obtained by dividing Eq. (8-19(: ) 
by Eq. (8-20). Although the efficiency of the ideal cycle is independent of cycle 
temperatures, except as they may affect k, and increases asymptotically with the 
efficiency of the nonideal cycle is very much a function of the cycle temperatures. It 
also assumes a maximum value at an optimum pressure ratio for each set of temperatures 
7, and Ty. The two optimum pressure ratios, for sp)ecific pwwer and for efficiency, 
are not the same, and this necessitates a compromise in design. 

Another effect of nonideality is fluid friction in heat exchangers, piping, etc. This 
results in a pressure drop between 2 and 3 (Fig. 8-9) and a pressure at 4 greater than 
at 1 . In other words the pressure ratio across the compressor would be greater than 
the pressure ratio across the turbine General equations that would take these and 
other effects on the Brayton cycle will be presented next. Further nonidealities result 
from mechanical losses in bearings friction and auxiliaries, heat losses form combustion 
chambers, and air bypass to cool the turbine blades (Sec 8-7). 

Figures 8-10 and 8 - 1 1 show results of calculations [ 66 ] for 17 and WIm of a simple 
air-combustion Brayton cycle (solid lines) and of one with a regenerator (dashed lines). 
Regeneration is explained below. For the simple cycle, the following data were as¬ 
sumed. 


7i = 15°C = 59°F - constant 
P\ = 1 013 bar = 1 atm = constant 
T], =90%; 7)t - 87% 

Mechanical losses = 1% 

Combustion chamber losses = 2% 

Air bypass = 3% 

Pressure losses; at inlet = 1 % 

in combustion chamber = 3 % 
at outlet = 2 % 
in regeneration = 4% 


Actual, variable properties of air and combustion gases were used. 

It can be seen that both 17 and Wlm are strongly dependent on which necessitates 
operating at as high a 73 as metallurgically possible. They are also strong functions 
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of r,, , with optimum increasing with for both efficiency and specific power. It 
can also be seen that the optimum is greater for 17 than for power. 

Figure 8-12 is a photograph of a single-shaft, direct-cycle, open air combustion 
gas-turbine package. It shows a 16-stage axial compressor, one of ten combustion 
chambers, and a three-stage turbine. A diesel engine for starting is shown on the left. 



Figure 8-11 Specific power versus compressor pressure ratio of a nonideal Brayton cycle, show'ing effects 
of maximum temperature and regeneration [66]. 
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The powerplant, General Electnc model MS6001, produces 35.75 MW. is 30.50 
percent efficient, runs at 5100 r/min, and has overall dimensions, including electnc 
generator (not shown), 38 m (122 ft) long, 11 m (36 ft) high, and 8 m (26 ft) wide. 


8-4 MODIFICATIONS OF THE BRAYTON CYCLE 

Although the above calculations show reasonable efficiencies, they nonetheless do not 
take into account some of the complications of a real powerplant and arc hence on 
the optimistic side. While a simple gas-turbine cycle is economically adequate for 
many purpr-ises, such as peaking units and jet transports, cyclic and base-loaded units 
require modifications to improve the output and efficiency (and hence the heat rate). 
Besides increasing 7^, the modifications are; 

1. Regeneration 

2. Compressor intercooling 

3 . Turbine reheat 

4. Water injection 


Regeneration 

Regeneration, as in steam cycles, is the internal exchange of heat within the cycle. 
In the Bray ton cycle, T 4 is often higher than 73 and heat addition is from 2 to 3 (Fig. 
8-9). Regeneration, therefore, is used to preheat the compressed gas at 2 by the exhaust 
gases at 4 in a surface-type heat exchanger called the regenerator or, sometimes, the 
recuperator. Figure 8-13 shows such an arrangement for a closed cycle, suitable for 
He, but also used equally effectively for open cycles with air. 

If the regenerator were 100 percent effective, the temperature of the gas entering 
the combustion chamber or nuclear reactor would be raised from T 2 to . The net 
work of the cycle would be maintained, except for the effect of the added pressure 
loss in the regenerator, but the heat added would be materially reduced from 
io Hji - Hr, with corresponding increase in cycle efficiency. Actually, the regenerator 
effectiveness is never 100 percent, and the compressed gases are heated instead to a 
lower temperature such as Tz Regenerator effectiveness, is defined as the ratio 
of the actual to maximum possible lempierature change In other words 



and since point 4 " is at the same temperature as point 2 

_ Tz - Tz 

' T4 - Tz 


(8-216) 


Figures 8-10 and 8-11 include the effects of adding a regenerator with - 0.75, 
shown by the dashed lines. It can be seen that the effect of adding a regenerator on 
efficiency is remarkable and shifts the optimum pressure ratio for efficiency to lower 



324 POWERPLANT TECHNOLOGY 


C ombustion Lhambcr 
or fL-aclor 




Figure 8-13 Flovs and 7-,s diagrams ol 
a closed nonideaJ Brayiori cycle with 
regeneration. 


values. This is because the lower the pressure ratio, the greater the dtflcrence between 
and Tj and the greater the reduction in cycle heat input. At very low value of 
the effect of reduced cycle work predominates and the curves drop, though still higher 
than those for the simple cycle. The efficiency curves for a cycle with regenerator 
cross those for the simple cycle at points such as a, beyond which the effect of a 
regenerator on efficiency is negative. These points represent pressure ratios at which 
the exhaust gases are cooler than those after compression. 

The effect of the regenerator on the specific power curves is only to reduce them 
somewhat because of the added pressure losses in the regenerator. 

Because regenerative gas-turbine cycles are more efficient than simple gas-turbine 
cycles, thus reducing fuel consumption by 30 percent or more, they are now used by 
utilities for meeting cycling duty as well as base-load assistance in driving pumps, 
compressors, and the like. 
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Compressor Intercooling 

The work in a flow system, such as a compressor or turbine, is given by Eq. (1-9), 
here repeated 



For a perfect gas where PV ~ mRT, this equation can be written as 

W - - mRT— (8-22) 

J\ P 

For a given dPiP, therelore, the work is directly proportional to temperature. A 
compressor working between points 1 and 2 (Fig. 8-13), therefore, would expend 
more and more work as the gas approaches point 2. Since compressor work is negative 
and a drain on the net cycle work, it is advantageous to keep T low while reaching 
the desired pressure P 2 This can theoretically he done by continuous cooling of the 
compressed gas to keep it at 7',, as shown by the lower horizontal dashed line of Fig. 
8-14. However, this is not physically possible, and cooling, instead, is done in stages. 
Figure 8-13, drawn for simplicity for ideal (isentropic) compression and expansion, 
shows two stages of interctKiling where gas is partially compressed from 1 to 2, ccKiled 
back to F at cimstanl pressure (ideally), compressed again to 2', intercooled to 1", 
then finally compressed to 2". Ideally J\ ^ /’, = Ti and T: - T- - T: . In that 
case we have three compressor sections operating in tandem with equal work because 
for any one compressor section (from Table 1-2) 

nR{J\ /',) 

W' - m -^-- 

I - n 

where n is the polytropic exponent lor compression (equal to k tor ideal compression). 
When the tenqieraturc rises are equal, the pressure ratios are equal because 



and the pressure ratio per stage is given by 

'/.s.agc,- =-■ Vr,(8-23) 

where /V, is the number ol compressor sections. I hus lor an overaH_compressor pressuie 
ratio of 10 and 3 sections, the pressure ratio per stage is \ 10 - 2.134 (not 10/ 
3 — 3.33). The improvement in the cycle is in increased woik and elficiency. The 
increase in work is the result ol the reduction in total compressor work since 

[H. //,) + {M2 - F/, ) 4 {H2 - My) < M, M, 

because of operation at lower temperatures. This can also be easily seen from the 
T-s diagram where the work has increased by area 2-1 -2 -1 -2 -a-2. Ihe heat added 
has also increased by M, - Mr However, the work increase of the cycle more than 
offsets the increase in heat addition, resulting in an improvement in elficiency, 
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Figure 8-14 Flow and T s diagrams of a closed ideal Brayton cycle with two stages o( inlcrciKiling, one 
stage of reheat, and regeneration 


Intercoolers can be air-cooled heat exchangers but are more commonly water- 
cooled. 


Turbine Reheat 

Equation (8-22) has shown that compressor work can be decreased by keeping the gas 
temf)eratures in the compressor low. It also shows that turbine work can be increased 
by keeping the gas temperatures in the turbine high. This can also be done theoretically 
by continuous heating of the gas as it expands through the turbine, as shown by the 
upper horizontal dashed line of Fig. 8-14. Note that if cooling and heating were at 
constant temperatures, and if the rest of the cycle were ideal, we would have an ideal 
Ericsson cycle, which has the same efficiency as a Carnot cycle operating between 
the same temperature limits Ti and Tv 
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Again, continuous heating is not practical and reheat is done in steps or stages. 
Figure 8-14 shows two turbine sections and one stage of reheat. The gas expands in 
the high-pressure section of the turbine from 3 to 4, is then reheated at constant 
pressure (ideally) to 3', and finally expands in the low-pressure section of the turbine 
to 4'. For = Ty and , the pressure ratio per turbine stage is 

_ - 

~ ^ (8-24) 


The increase in cycle work is shown by the area 4-3'-4'-v, whereas the heat added is 
increased by F/y ~ The net effect is an increase in both work and efficiency. 

Intercooling, reheat, and regeneration can all be combined in one cycle as shown 
in Fig. 8-14, 

General equations for the specific power and heat added for a composite cycle as 
the one discussed above, for the case of constant specific heat, but with nonidealities 


taken into account, arc 


1 

1 \ 

-— ■= + 1 ) ( 1 

ik 1 )/A / 


^PJ J 

— = T^inr + 1) - (n, -f ty 

1 - 1 

me,, t 

\ 

- T|(l - Er) 

where VV„ = net power = HV - 

- |vv,| 


- Ti 


n, ^ 1 


- 1) (8-25) 


1 + 


(rj^ - 1) 


(8-26) 


j]r ^ turbine adiabatic efficiency, assumed same for all turbine 


sections 

T 7 ( — compressor adiabatic efficiency, assumed same for all 
compressor sections 
= overall turbine pressure ratio 
r,,. = overall compressor pressure ratio 
Efi = regenerator effectiveness 
tit = number of reheat stages (e g., 1 in Fig. 8-14) 

= number of intercooling stages (e.g., 2 in Fig. 8-14) 


The efficiency of the cycle may now be obtained by dividing Eq. (8-25) by Eq. 
(8-26). The greater the number of reheat and intercooling stages there are, the higher 
the efficiency. Flowcver, this is attained at the cost of the capital investment and size 
of the plant. The design of the plant should be optimized, with consideration given 
to capital versus operating (fuel, etc.) expenses and to size. 
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Water Injection 

Water injection is a method by which the power output of a gas-turbine cycle is 
materially increased and the efficiency is only marginally increased. In some aircraft- 
propulsion units and some stationary units, water is injected into the compressor and 
evaporates as the air temperature rises through the compression process. The heat of 
vaporization thus reduces the compressed air temperature, reducing the compressor 
work, an effect similar to that of intercot^ling (above). 

In gas-turbine cycles that have regenerators, water injection is more beneficial if 
it is injected between the compressor and regenerator [67, 681. The method can be 
used on both single- and two-shaft units. Figure 8-16 shows a schematic of a two- 
shaft unit with water injection between compressor and regenerator. On the T-s dia¬ 
gram, l-2-4-5-7-9'-l represents the cycle without water injection, in which 4 and 9' 
are the compressed air and exhaust exits of the regenerator, respectively. With water 
injection the compressed air at 2 is cooled at nearly constant pressure by the evaporating 
water to 3. (A small increase in pressure does take place from 2 to 3.) The cooled 
compressed air at 3 is then preheated in the regenerator to a temperature almost the 


IkMlril 

I ucl 



Figure 8-15 Mow and T-s diagrams of a two-shaft gas-turbine cycle with water injection and regeneration 
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same as (actually very slightly below) 4. The added heat required to heat the moist 
air back from 3 to 2 is obtained from the exhaust gases by heat between 9' and 9, 
which would have been lost to the cycle in any case. 9, then represents the new exhaust 
temperature. The inlet water may (as shown) or may not be preheated by the gases at 
9 before injection. 

The quantity of water vapor to be injected is that which would saturate the 
compressed air at T^. A greater amount of water results in liquid carrythrough which, 
although it results in somewhat increased work, also results in reduced efficiency 
compared with that of saturated air and in fouling of the regenerator, local severe 
temperature differences, and associated thermal stresses. 

The increase in work of a turbine plant with water injection is, in part, a result 
of increased turbine work due to the increased mass-flow rate of air and water vapor 
without a corresponding increase in compressor work. The increased mass stems from 
the saturated vapor at point 3 (Fig. 8-15) minus the water vapor originally in the air 
at point 1. Using Eq. (7-4), this is given by 

where and cui = mass of water vaf)or per unit mass of dry air at points 
3 and 1, respectively 

P, ] and F, 1 = partial pressure of water vapor, saturated at point 3, 
and function of relative humidity (Sec. 7-5) at point I 

P, and P| = pressure of the air-vapor mixtures at points 3 and 1, re¬ 
spectively; P 3 is ver>' nearly the same as the compressor 
exit pressure P 2 

The temperature at point 3 can be obtained by an energy balance on the dry air and 
water vapor 

^a.3 “ ^a.2 = (~ , ~ ^v^) (8-28) 

where = enthalpy change of dry air 

h, 3 = enthalpy of saturated vapor of 
= enthalpy of injected water 


Example 8-2 Air at 60°F, 14,696 psia, and 60 percent relative humidity is com¬ 
pressed by a compressor with a pressure ratio of 10 and 89.63 percent polytropic 
efliciency. The air is then saturated by water at 60°F. Find the mass of added 
water per unit mass of onginal air and the temperature of the saturated compressed 
air. For simplicity use Cp = 0.24 Btu/(lb„ ■ °F) and /: = 1.40 for air. 

Solution Refer to Fig. 8-14 and use the steam tables (App. A). For 7, - 
60 °F: P,.,., = 0.25611 psia, and P.,, = 0.6 x 0.25611 = 0.1537 psia. 
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Thus 


OJi 

Pi 


0.622 X 0.1537 
14.6% - 0.1537 

w, = 0.00657 


0.00657 


14.6% X 10 = 146.% psia 


T:,, (isentropic compression) = (60 -f- 460)(10)'' - 1004°R 

h^. = enthalpy of injected water at hO^'F = 28.06 Btu/lb^ 


From Eq. (8-16) 


1004 - 520 
T. - 520 


0.8%3 


Therefore 


T, - 1()6()°R = 600°F 

/7,,,3 -- = c'riT, - 7':) = 0.24(7', - 6(X)) 

The problem requires a trial-and-error solution. Assume values ol I\ that would 
satisfy Eq. (8-28); 




cth (Eq. 7-4) 

- (Ol 


(co^ — (Oi)(h„ ~ h, i) 

hu., - h,.. 

220 

17,186 

0.08237 

0.0758 

1153,4 

- 85.30 

-91 20 

222 

17.860 

0.08605 

0.0795 

1154 2 

- 89 .50 

-90 72 

224 

18.556 

0.08^89 

0.0833 

1154 9 

- 93.87 

■ - 90.24 


By interpolation 

= 222.5°F a>3 - a>, - 0.0804 

Thus the mass increases by 8.04 percent of dry air, or 0.0804/(1 + oji) = 0.08. 

or 8 percent of onginal air. 

Another reason for the increase in work of a cycle with water injection is that the 
optimum pressure ratio for work increases. The cycle efficiency, too, is shown to 
increase, and its optimum pressure ratio also increases, though to a lesser degree than 
the work (67). It would thus be advantageous to select a higher pressure ratio to 
increase the work, provided the cycle efficiency is not disadvantaged. 

Another advantage for water injection is that partial load operation could be 
affected by reduction of the water injection rate while the turbine inlet temperature 
is kept constant, which would maintain high efficiency during that portion of the load. 
When the load drops below that requiring water injection, the turbine inlet temperature 
is reduced. 
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The exhaust emissions are also favorably affected by water injection. Emissions 
of CO and unbumed hydrocarbons in gas-turbine powerplants are not significant be¬ 
cause of the high air-to-fuel ratios used in them. They become of concern only at very 
high loads when the air-to-fuel ratios are reduced. The oxides of nitrogen, NO^, 
however, are becoming a problem in gas-turbine combustion because of the steadily 
increasing combustion temperatures in modem units. It has been found that water 
injection reduces NO» by at least half |69|. 


8-5 CYCLE ANALYSIS WITH VARIABLE PROPERTIES 


As indicated above, cycle analysis with constant properties—in effect c^, and k, which 
are needed to calculate enthalpies and P, V\ and T relationships—are accurate (except 
at extremely low temperatures and high pressure) for monatomic gases such as helium. 
For diatomic gases (air, N 2 , CO), and more so for triatomic gases (COj, H 2 O in gas 
form), and larger molecules (NH,), the use of constant (), and k yields results that are 
useful only to predict trends of variables for the particular gas considered. For such 
gases, a knowledge of the variation of c,, with temperature is necessary . For air, for 
example, in Btu/lb,„°R is given by |70| 

L,, - 0.2317 ^ 9.(K)83 x 10 2.1998 x 10'^7' 

- 9.0067 X 10 "r (8-29) 


The value of the specific heat at constant volume c, is obtained by subtracting the gas 
constant for air, i.e., 53,34/778.16 - 0.0685 from Eq. (8-29). The value of k as a 
function of T is then obtained as c),{T)i(\{T) . The change in enthalpy is obtained by 


A/i - f c),{T) 

J T\ 

or by A/i - c^,(7’2 - T,) 

where Cp is an average specific heat given by 

J Cp(T) dT 


(8-30) 


(8-31) 


(8-32) 


To obtain P, V, and T relationships for polytropic reversible pr(x:esses an average 
value of k should also be found. 

Such procedure suffers from two drawbacks. (1) It is complicated, especially when 
the final temperature of a given process is unknown, and (2) it does not take into 
account the effects of fuel and combustion-products composition and dissociation. In 
analyzing gas-turbine cycles, it is more convenient to rely on tabulated properties of 
air and products of combustion and component gases as given in the gas tables by 
Keenan and Kaye [8], It is probably best to illustrate the procedure by an example. 
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Example 8-3 A single-shaft gas-turbine 25-MW plant has one stage of inter- 
cooling, no reheat, and a regenerator. Air enters the compressor at 1 atm and 
520°R. The compressor has an overall pressure ratio of 10, and each of its two 
sections has a poly tropic efficiency of 90 percent. The inlerc(X)ler cools the air 
back to 520°R. The regenerator has an effectiveness of 75 percent. The air-fuel 
ratio corresponds to 200 percent of theoretical air. The fuel may be represented 
by CH 2 i 4 _v Because of pressure losses through regenerator and combustion cham¬ 
ber and also at exit, the turbine pressure ratio is 9.2. The turbine inlet temperature 
is 2500°R. It has a polytropic efficiency of 87 percent. The mechanical efficiency 
of the system is 95 percent. The electnc-generator efficiency is 98 percent. Cal¬ 
culate the vanous pressures and temperatures around the cycle, the plant efficiency, 
and the necessary airflow. Estimate the plant efficiency if no regenerator were 
used. 

Solution Refer to Fig. 8-16 and the gas tables or App. I. 

(1) Compressor: 

per section = vTo = 3.1623 
7, = 520°R, P, , = 1.2147, h, = 124.27 
Pr,2 = 1.2147 X 3.1623 = 3.8412 

Therefore 

T.s = 722°R h.., = 172.88 

/ 12 . - /r, 172.88 - 124.27 

' h. - h, h2 ~ 124.27 



Figure 8-16 T-s di agram of ga.s-turbine 
powerplant of Example H 3 
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Therefore 


/?: = 178.28 and T. = 744'"R - 284T 

For Ty = 520°R, calculations for the high-pressure section of the compressor 
1-2' are identical to those of the low pressure section 1-2 Thus 

7 V - 744"R hy = 178.28 

The total work of the compressor is 

|2(/i, - /i|)| = 2(178.28 - 124.27) = 2 x 54.01 = 108.02 Btu/(lb.„ air) 
(2) Turbine: 


Therefore 


Therefore 


T, = 25(XrR p,., = 559.8 


Pr^ 


55948 

9.2 


50 75 


h, =- 19520.7 


7'^,, = 1482°R hy, 10905.5 

0^1 = ~ - 19 -^ 20.7 - h, 

/i4 - Av., 19520.7 - 10905.5 

Ji, = 12025 5 and A = I620“R 


Turbine work is 

= 19520.7 - 12025.5 - 7495.2 Btu/(Ib • mol) 


(3) Regenerator: 

Effectiveness 



T, - 744 
1620 - 744 


Therefore 


7, - 140rR 


From the air tables (App. 1) 

h, - 343.16 Btu/(lb^ air) 

It is now important to base all calculations on the same basis, say 1 Ib^ of air. 
The enthalpies of the combustion gases are based on J lb ■ mol of components. 
At 200 percent theoretical air, the molecular mass of the products — 28.880, 
14510 7 

therefore h, = = 675.9 Btu/lb^ products 

28.88 

7495 2 

and Turbine work = —^ = 259.5 Btu/lb... products 

28.88 
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The air-fuel ratio for 100 percent theoretical air is obtained by writing the chemical 
equation 


CH. 


1 + 


2.145 


jo, + 3.76^1 


+ 




CO, 


2.145 


-H,0 + 3.76 1 f 


2.145 \ 

4 / 


N, 


or 

CH, , 4 ^ 4 1.536250, + 5.7763N,CO, ^ 1 0725H,O + 5.7763N, 
The air-fuel ratio is 


1.53625 X 32 -f 5.7763 x 28 


12 4- 2.145 


- 14.91 


For 200 percent theoretical air, air-fuel ratio ~ 29.82. Thus there arc 1 4 
1/29.82 = 1.0335 lb„, products of combustion per lb„, air. Therefore 

Heat added - /14 - h, - 675.9 x 1.0335 - 343,16 - 355.38 Btu/lb,, air 

Net cycle work - turbine work - |compressor work| 

- 259.5 X 1.0335 ~ 108.02 - 160.17 Btu/lb,„ air 

Net plant work = 160.17 x 0.95 x 0.98 = 149.12 Btu/lb^ air 

149.12 

Plant elficicncv ^-= 0.42 - 429^ 

355.38 

Since 1 MW = 3.412 x 10^ Btu/h 

25 X 3.412 X Kri 


Airflow necessary 


149.12 X 36(X) 


158.9 \bJs 


Without a regenerator the plant efficiency would be approximately W 
(/14 - h 2 ) or 


149.12 


675 9 X 1.0335 - 178.28 


X 1(X) - 28.66% 


The approximation is because, without a regenerator, the turbine pressure ratio 
would be slightly higher than 9.2 and the plant work and efficiency slightly higher. 
However, the difference between the thermal efficiencies as calculated is indicative 
of the large effect of regeneration. 


8-6 DESIGN FOR HIGH TEMPERATURE 

\ should be evident by now that it is becoming more necessary to operate gas-turbine 
plants with higher and higher turbine inlet temperatures to achieve higher efficiencies 
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and outputs. This also means higher pressure ratios because optimum pressures increase 
with increasing turbine inlet temperatures for both efficiency and power. High-pressure 
ratio units have higher capital costs than lower-pressure ones, but the decrease in fuel 
consumption rapidly pays back lor this capital cost differential. Another concern that 
goes with higher temperatures is increased potential for corrosion, which has to be 
dealt with. As indicated earlier, research and development is underway to raise turbine 
inlet temperatures from the present 2()0() to 23(K)°F (1090 to 1260°C) to near 2800T 
(!340“C). Such temperatures arc well above those that mcxiem steam turbines have 
to cope with, which arc around I0(K) to 12(X)°F (540 to 650°C). The present range is 
suitable for peaking service, and with regeneration, for cyclic and some base-load 
service. It is also competitive with steam plants when used in a combined cycle (Sec. 
8-7). Future ranges would make them competitive on their own. 

There arc several approaches to the problems associated with high gas tempera¬ 
tures. In general they can be categorized as developing suitable (1) matenals, (2) 
cooling, and (.3) fuels. 

Materials 

The components that suffer most from a combination ol high temperatures, high 
stresses, and chemical attack are those ol (he turbine first-stage fixed blades (nozzles) 
and moving blades. They must be weldable and castable and must resist corrosion, 
oxidation, and thennal fatigue. Heat resistant materials and precision casting are two 
recent advances, largely attributable to aircraft engine developments. Cobalt-based 
alloys have been used for the first-stage fixed blades (which are subjected to the highest 
temperatures but not the high stress of the moving blades). T'hesc alloys are now being 
supplemented by vacuum-cast mckel-base alloys that are strengthened through solution- 
and precipitation-hardened heat treatment. For the moving blades, cobalt-based alloys 
with high chromium content are now used. 

Ceramic materials are al.so being developed, especially for the turbine inlet fixed 
blades. Developmental problems here are inherent brittleness, which causes fabrication 
problems and raises uncertainties about the mechanicai properties ol ceramic materials. 


Cooling 

Farly turbines operated uncoolcd, as do many present-day ones. The increases in 
temperatures we are witnessing require cooling, however. 

The thennal stresses in high-temperature turbine moving blades arc caused by the 
high rotational speeds, uneven temperature distributions in the different blade cross 
sections, and static and pulsating gas forces that may give rise to dangerous vibrational 
stresses. Other thermal stresses occur during start-up, shutdown, and load changes. 
Thermal stresses are thus cau.sed by steady-state as well as transient operation. The 
latter give rise to low-cycle fatigue, which reduces blade life. In addition there are 
problems of creep rupture, high-temperature corrosion, and oxidation. It is generally 
agreed that blade surfaces should be kept below' about 1650°F (900°C) to reduce 
corrosion to a tolerable degree. 

A blade is cixiled by being made hollow so that a coolant can circulate through 
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it. A hollow blade is lighter than a solid blade and has a much lower Biot number* 
and hence a fairly uniform temperature distnbution. 

Tlie coolants that have been used and/or are under consideration are air and water 
(and steam). The ranges for these are air for gas temperatures up to about 21()0°F 
(1150°C), water for gas temperatures above 2400°F (1315°C). and a hybrid system 
for the intermediate range. In the hybrid system, water cooling is used for the highest 
temperature components, mainly the inlet fixed blades, and air for the remaining blades 
and rotor [71). 

Air Cooling 

Air cooling is of three kinds: convection cooling, film or transpirational cooling, and 
impingement cooling. Cooling air is obtained directly from the compressor, thus 
bypassing the combustion chamber. In convection cooling the air is made to flow 
inside the hollow blade, entering at the leading edge, reversing direction a few times, 
and leaving at the trailing edge to enter the main gas stream. Film cooling is used in 
conjunction with convection cooling and never alone. Based on aerospace technology, 
it involves air flowing through holes or slots from the inside of the blade to the outside 
boundary layer to form a protective insulating film between the blade and the hot 
gases. Besides the cooling effect, it also helps prevent corrosion of the blades. This 
transpirational air must be very clean for proper effectiveness. 

Figure 8-17 shows an example of air cooling on inlet fixed blades [72], The upper 
vertical cross section shows air entering at the top from the stator. It then flows 
downward by the leading edge in two parallel paths, changes direction three or four 
times, and leaves at the trailing edge. The middle path includes longitudinal ribs or 
fins to enhance heat transfer. Other designs may include roughened internal surfaces 
and transverse ribs and webs. A good design should allow good heat transfer with 
little pressure drop. 

The middle horizontal cross section through the blade (Fig. 8-17/?) shows the 
internal paths in pure convection cooling. The lower honzontal cross section (c) shows 
two rows of holes A and B on the suction side of the blade for film cooling. 

For the moving blades (Fig. 8-18), the cooling air enters the blade root from the 
rotor, flows radially through ducts in the hollow blade, changes direction, and leaves 
through slots from the blade trailing edge. Figure 8-18 shows three such ducts, one 
change of direction, and several exit slots. 

The third method, impingement cooling, is one in which the cooling air is made 
to impinge on the internal surface of the blade, which provides particularly intensive 
cooling. 


• In transient heat transfer between a solid body and a fluid, a low Biot number (Bi) indicates a more 
uniform temperature distnbution within the body than a high Biot number. Bi is given by hL/k, where h 
is the heat-transfer coefficient, Z. is a characteristic length of the body, in this case the blade wall thickness, 
and k the thermal conductivity of the material of the body. A Biol number less than 0.1 means that all parts 
of the body arc at the same temperature at any one instant of lime and that the body can be treated as a 
.amped capacity in transient heat-transfer analysis. 



Figure H-17 \!i C(H)lcd iias turb'ric (ixcd hljdc 172] 



Figure 8-18 4ir-c(x)lcd gas-tuibme moving blade [72]. 
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A blade-cooling effectiveness is defined as 





(8-33) 


where ^ gas temperature 

Tf, = mean blade surface temperature 

7 ’,, = inlet cooling air temperature 

ffx has been found to be a function ot a dimensionless parameter B, given by 

B - ^ 

h,A,. 

where -- mass-flow rate of air, Ib^, h or kg/s 

ir,,, -- Specific heal or air, Btu (lb„, • 'T) or .Idkg ■ X") 

= average heat-transfer coefficient of gas. Btu/{h ' ft' ■ ""F) or 
W rn- ■ C 

Af, - blade surface area, ft' or nr 

It is to be noted that calculation of is not a simple matter, especially when film or 
impingement cooling is involved; the calculation requires elaborate computer programs 
and needs to be supplemented by experimental data. Local values between 2(X) and 
5(X) Btu/(h • tr • 'F) 11 1 to 2.8 kJ/(nr - X)| have been repemed (72|. Figure 8-Lf 
shows a plot of versus B. It shows that combined convection and film c(X)ling is 
superior, followed by impingement and then convection c(X)ling. It is believed that 
combined convection and him (transpirational) cooling offers the most promise for 
air-cooling schemes and permits an increase in turbine inlet-gas temperatures by about 
120°F (67X). 


Water C(K)ling 

As gas temperatures exceed 2I()()"F (IISO'C) or so. air coedmg reaches a state ol 
lapidly diminishing returns because of the quickly increasing demand for cooling an 
that bypasses the cornbusion chamber. Despite their additional equipment requirements, 
the regions of hybrid and pure water cooling are reached, with the latter holding the 
greatest promise for gas (empcralures of 24(KLF (131.VC) and beyond. The higher 
heal capacity and heat transfer capalnlity of water permit lower metal gas tcmtxmaturcs 
(for the same gas temperatures) and hence reduced hot c(,)rrosion and deposition Ironi 
contaminated luels, Water cooling also eliminates the neetf for air passages through 
the blades, as in him cooling, which would he subject [o plugging by such fuels 3 
test program sponsored by hF'*Rl (the Electric F\)wer Research Institute) using heavv 
ash-bearing fuels showed metal temgieratufes below 85()''F (450^0 and reduced ash 
accumulation on the blades with water cooling [711 
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I. 


Fiji'irt' H-IV C'ni'p.irisnii (»t Jitkicni oi 

blade coi'I.'.'v I 'Ji 


1(1 Jc^ianiiiL: d iia" tLirhific Un uaier cix-hiii. ^and.irc! airiHlynaniu; «JcM‘in 
l('i!<WvcJ blit the hot paths arc kept a^ ^b.ort as posspde to riiinani.’c surlaa' areas 
(hat roquin. eiiolinr. I he ti \ed Islade'' o' iio/zk '^ aie liolIo\’« am! Cviiitaiii scik s and 
[Xi;,ills'! v\ at(a-ll(‘u pafiis (rioi luibks' aw-eoidia! hlade-'. In o'le (’(.irbim.’ desipii | 7 t|, 
eciolmL: u aler s ircuiatf'' in, thoaieli. aiul out ol ih.ese in a slo>ed loop, lieat 

tenioN I'd Iroip these hiask's ia fes os’t'red in a btCii! i.xeiianuer i('i iC'C in ttk '■it am jxx'Tioii 
ot a eonibined-cvelc' plant (below i. I he inlet wate? is hot emiLipSi f'levent iherma! 
slios k arul n; at a pressuie hieh cmonnii (about Id!''!* p->ia, ht> bam lo }xe\epa boihne 
and keep the waici in sinele phase In that desipn, tne lirsi-taee lixed (dadcs are ot 
eoiiii'cnate Lonstmetion itfi a eore ol hieh-streniitli material (Nilionie SO), a sLiiiound 
inn (.oppei matrix in v\tiicl. water coolinp tiibe^ a,re inibeJdetb and a eoM.rine skin, 
all bonded by hot isoAtatie piessinp Seeorid arJ thud slaee hxed tdades are east IN- 

w ith drilled water paths. Siieh blasles have been nianula.-lun J and -aaceessliib> 
tested at opcralhip. eoi.ditnans, 

Mosine blades are cooled b\ an open-ioop water sv ^teni. Vvalm eninr- the blad-m 
at l(,w'er pressures and is allowed boil with steam eieetine Iroin the blade 'ip> U) 
mix will, the hoi pa:- '-lieam. rnea['oii/esl wa*ei moses radiad; ip\ .entinne.d loies 
and may be collected m a uiieumpherentiai eavilv in tf'e caNine (he S „>)) | ej. 
Closed-loop s\stems are beiiie considered tnii j^om- sour desn.ii (.iiit'.nit.ss Its 
moving blades in the above design are loryed trom IN /lh- w nti thi sot)M,i,: jxill; 
dnheel alter lorgiiig, 


1 uels 

I he advantages o! increased gas-lurhint eornbnsiion tempeiatuies iha! is. 
eliivscnex. power, and reduced luel consumption- are padl) negined b\ liw ms it 
eost ot fuels normallx used by gas turbrnc.'' So lar gas luri-mes ham n.htd pomar^i > 
on natural gas and clean liquid lueis. Natural gas now n bt uig tmi kiv^ei ' ’ 
use and liquid hydrtKarbons have increased m etvst h\ an oidm ot m..L.nujt- [ 
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the decade of the 197()s alone. By contrast steam powcrplants are making increasing 
use of vanous abundant coal-combustion systems (Chap. 5) and cheap nuclear fuels, 

Residual liquid fuels, the re:>idue left after the prolitablc light fractions have been 
extracted from the crude, have been used in gas turbines to some extent |741. They 
are (1) viscous and (2) tend to polymenze (fonn sludge or tar) when overheated (3) 
Their high carbon content leads to excessive carbon deposits in the combustion cham¬ 
ber. (4) Their contents of alkali metals, such as sodium, combine with sulfur to form 
sulfates that are corrosive. (5) They have other metals like vanadium with compounds 
that form during combustion also being corrosive, (6) They have a relatively high ash 
content that deposits mostly on the inlet fixed blades, thus reducing gas flow and 
power output. 

The rate of corrosion increases with increasing gas temperatures. Early turbines 
designed for residual fuel use operated at temperatures below 165()T (900 K) to avoid 
the problem. Ash deposition is not a problem with intermittent operation because of 
successive expansions and contractions, but it is a serious problem with steady op¬ 
eration. 

Fortunately progress is being made at keeping gas turbines competitive by the 
development of systems that prepare cheaper lower grade fuels for gas-turbine use 
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[751 Washing the fuel with water and separating the mixture with centrifugal or 
electrostatic separators is found to reniov^e the alkalis, fuel additives such as magnesium 
have been found to neutralize vanadium. Additives and protective coalings are also 
used to reduce corrosion [761. 

A promising scheme is pressurized-nuidi/cd-bcd combustion (PFBC) (Sec. 4-8), 
which makes cheap, abundant coal readily available as a gas-turbinc fuel. In the PFBC, 
the addition ol limestone wdl remove enough sulfur to mcel environmental regulations. 
However, much development work remains to he done in order to reduce particulate 
matter from the fluidiz.ed-bed gaseous product, which can rapidlv destroy turbine 
blading. Other alternatives (for coal use) arc the use ol synthetic fuels from coal 
gasification and liquet action, A low-Btii gas use m a cc^mhined cycle has already been 
discussed m Sec, 4-1 i. 


8 7 COMBINED CYCLES: GENERAL 

Combincd-cyclc powerplanls aie those which have both gas and steam turbines sup¬ 
plying power to the network. The idea ol eaunbined cycles has grown out ol the need 
to improve the simple Brayton-cycle cfliciency by utilizing the waste heat m the turbine 
exhaust gases T'his, as wc ha\'c seen, can he done by regeneratiim (Sec 8-4) Re¬ 
generation reduces the heat lost up the stack down from some 70 to 60 percent of the 
energy input, The sole purpose oi a regenerator is to improve efficienev: it docs not 
increase the power output. In fact, because of additional pre.^sure losses it imposes on 
the plant, a regenerator reduces the turbine pressure ratio and hence the net plant 
output by a few percent. Aside Irom this small reduction in power output, regenerators 
with their large heat-exchange surfaces and large gas and air piping make the plant 
more costl). Another effect is that the optimum pressure ratio for maximum efficiency 
moves shar]dy to low^er values with regeneration, resulting in reduced power as can 
be seen from Figs. 8-10 and 8-1 ! 

Simple cycles operate near maximum power because they arc iiol used m service 
where efficiency is the prime ciincern. Regenerative c)cles. however an* meaningful 
oril) it they are operated near maximum efficiency. Thus tficy wo/uld have their output 
reduced from a simple cvcTc by a much larger percentage, perhaps 10 to 14 percent. 
In certain applications, an econk>mic compromise between capital and opeirating costs 
would have to be fe'und. 

It can be seen that raising the efliciency ol a gas-turbine plant by regeneration, 
while used for stationary applications, is cosll). A means ihcrelore. \^as sought 
whereby both cfhciency and power are increased. The solution was lound in using 
the large quantity of energy leaving with the turbine exhaust to generate steam lor a 
steam-turbine powerplant This is a natural solution as the gas turbine is a relatively 
high-temperature machine (2000 to 3(K)0‘T\ 1100 to 1650'C). whereas the steam turbine 
IS a relatively low-temperature machine (1000 to 1200'F. 540 to 650''C ). This joint 
operation of the gas turbine at the “hot end" and tiie steam turbine at the ‘ cold end, 
IS called a combincd-cycTe powciplant. 

Besides both high efficiency and high power outputs, combined cscles are chai- 
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acterized by flexibility, quick part-load starting, suitability for both base-load and 
cyclic operation, and a high efticiency over a wide range of loads. They have the 
potential of using coal [771 as well as synthetic and other fuels. Their obvious dis¬ 
advantage is in their complexity, as they in essence combine two technologies in i)nc 
powerplant complex. 

The idea of combined cycles is not new . having been proposed as early as the 
beginning of this centui 7 . It w'as not, how^ever, until 1950 that the first plant was 
installed. This was tcdlowed by a rapid rise in the number of installations, especially 
in the 1970s. An estimated 100 plants, with a total of 150,(K)0-MW output, had been 
installed by the end of the 1970s throughout the wa^rld |78| 

There have been many suggested types of Cvimbmed cycles, the most important 
of which comprise: 

1. A heat-recovery boiler with or w'ithi>ut supplementary liring 

2. A heat-recovery boiler with regeneration and,''or feedwater heating 

3. A heat rccoveiT boiler w ith multipressure steam cycle 

4. A closed-cycle gas turbine with steam-cycle feedwater healing 

Some examples of these arc presented next. 


8-8 COMBINED C\C EES WITH HEAT-RECOVERY BOILER 

Figure 8-21 shows a schematic flow diagram of such a combined cycle, A simple gas- 
turbine cycle, consisting of an compressor (.ACb combuslH)n chanvber fCC), and gas 
turbine (GT) is used w ith the tuibine exhaust gas going to a hcdf-recovcry holier ( HRB) 
to generate superheated steam, that steam is used in a standard steam cycle, which 
consists of turbine (S ('), condenser (C). pump (C19. closed feedwater heaters (f'Wll), 
and deaerating heater (DA). The HKH consisl.s ol an economiz.ci (FC), boiler (B), 
steam dram (SD), and superheater (SU). The gas leaves the HKB to the slack. Both 
gas and steam turbines drive electric generators (G). 

The gas turbine is usually operated with a high air-fuel ratio, approxirnaiely 4(K) 
percent theoretical air, to make sufficient air available in the gas-iurhme exhaust lor 
further combustion. 

Foi Jow'-powered combined cycles the steam-turhinc output is less than the gas- 
turbine output, bv as much as 50 percent, and the number of feedwater healers is 
smalL often one deaerator and one closed-type. To increase the output for short periods 
during load peaks, supplementary fuel burners may be fitted to the HRB to increase 
the steam mass-flow rate. Tfiis can also be done on a continuous basis, but limits on 
the amount of fuel added arc posed by the design of the HRB, vvTich usually lacks 
refractory lining, water-cooled walls, etc. A limit of about 14(KTF (76(FG) on the gas 
temperatures in the HRB is common. This howevci, is usually sufficient to increase 
the steam-turbine output by perhaps l(X) percent and the total cycle output by 30 
percent. 

In large combined-cycle plants used for base-load operation, where efficiency is 




Figure 8-21 Schcin.iiiL' llov. diagram ol a combined cv».lc with heal ivto\t:r_\ bmlcr iHRBj 


ot prune importance, separate supplenientar>' tiring equipment tSF) is inteijrosed be¬ 
tween the gas turbine and the URB. The steam-turbinL output is usually greater than 
the gas-turbine output by up to S;l. The steam cycle is therelore designed lor high 
etficiency with reheat and a full complement of feedwater heaters. A iorced-dratt fan 
may be installed ahead of the SF to operate the steam cycle on its own when the gas 
turbine is cut off. 

The fuel used in supplementary firing may be the same high-grade fuel used in 
the gas turbine. This is the simplest solution as such fuel causes few' problems in the 
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SF and HRB. However, cheaper lower-grade fuels such as heavy oil or coal, can also 
be used in the SF. 

Example 8-4 A combined cycle as shown in Fig. 8-20 with supplementary firing 
has gas-turbine cycle fuel represented by CH^ us, air-fuel ratio corresponding to 
400 percent of theoretical air, gas-turbine inlet temperature of 2600°R, pressure 
ratio of 8, and a polytropic efficiency of 0.90. Supplementary finng using the 
same fuel raises the gas temperature to 2000°R before entering the heat-recovery 
boiler. The gas leaves to (he stack at 800°R. Steam is generated at 1200 psia and 
1560°R from feedwater at VSO^'R. Calculate the heat added in supplementary firing, 
Btu/lb^ of air, and the mass ratio of airflow to steam flow. 

SonTiON Use the gas tables for 400 perLcnt theoretical air (App. 1) and rcler to 
Fig. 8-22. 

T, - 26(KUR p, , - 586,4 Ti, - 19970.7 B(u/(lb ■ mol gas) 

/), j = --- -- r, , = I579'R 7i, = 11499.0 

' 8 

■C - h, 19979,7 ■ Ju 

' /h - , 19979.7 - 11499,0 

Therefore 

h - 12347.1 Btu/(lb - mol gas) T, --= i68S"R 

Assume that supplemenlaiy firing changes the mixture from 4(K3 percent at 4 
to 200 percent of theoretical air at 5 (use the gas tables for 2(X) tx^rceril theoretical 
air). 

T, - 2()00"R h, - 15189,3 Btu;(lb ■ mol gas) 

T, - 80C'^R h, - 5676.3 Btu.'db ■ mol gas) 

From Example 8-3, the air-fuel ratio (A-F) for stoichiometric mixture of CH: us 
fuel is 14.91. The products-lo-air mass ratio is 1/(1 f 1 A-F) This is 1.0335 lor 



s Figure 8-22 T-s diagram for the gas m Example 8-4 
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200 percent and i .0168 for 400 percent theoretical air. Also, the molecular masses 
for Ihe.sc products are 28.880 and 28.025, respectively. Based on 1 lb„ of air 

, I2.,f47.l 

15,189..5 

= 'TvTUTT ^ 54.H..56 Btu/lb„, air 


and 


6676.3 

ht, = r-“-: I.0.C15 - 20,?.I,^ Btu/lb,„ air 

xio. o8v/ 

Therefore, heat added in SF ^ /k - lu ="- 643.56 - 434.04 = 109 62 Btu/lb^ 
air and, heal added m HRB - h, -- fi,, - 543.56 - 203.13 - 340.43 Btu/lb^ 
air. 

For steam cnienng turbine, h !55t).9 Btu/lb,„ steam. For feedwater entering 
the HRB. h - 290.4 Btu Ib,„ steam. Therefore 

A//saa.n = ^‘^^''6.^ - 290.4 - 1266.5 Btu/lb,„ stcam 
So 


340.43 

Mass ratio ot air to stream --- 0,269 

1266.5 

Variations ol the cycle sht>wn in Fig. 8-21 arc used to extract the maximum 
amount of energy trom the gas leaving the hcat-rccover> boiler bcfoie exhausting it 
to the stack. Depending upon the temperature ol that gas, it may he used for (1) partial 
heating (regeneration) ol the compressed air leaving the compressor, (2) feedwater 
heating of the s'cam cycle m a closed-type feedwater heater, or (3) generating steam 
in a dual- or maltipressurc steam cycle. This last variation is described in See. 8-10. 

Because gas turbines arc not yet built in si/cs as large as steam turbines, combined 
cycles are often built in combinations ol more than one gas turbine plus one steam 
turbine. Such combinations show certain advantages, not only in higher total plant 
output but also in higher availability, flexibility in service, and part-load efficiency. 
An example is the STAG powerjilanl, described next. 


8-9 THE STAG COMBINED-CYCLE POWERPLANT 

The STAG (for r.team and gas) 330-MW combined-cycle powerplant [79| is a cyclic 
plant built for the Jersey Central F\)wer and Light Company. It is located at the Gilbert 
Generating Station on the Delaware River, south of Phillipsburg, N.J. 

The plant was designed by the General Electric Company and is composed of 
four GE Model-70(K) gas turbines exhausting to supplementary bring in the form of 
auxiliary burner sections within four heat-recovery boilers. The HRBs generate su- 



346 POWERPLANT TFXHNOLOC3y 


m.kJ RECOVERY 



Figure 8-23 Layc'ut of the STAG combined-cvclc plant |72) 


(>erheaied steam for one steam turbine, The steam plant feedwater system includes 
one low-pressure closed-type feedwater heater with dram cascaded to the condenser 
and one open-type deaerating feedwater heater. The plant flow diagram can be sche¬ 
matically represented by Fig. 8-21, e.xcept that there are four gas turbines. Figure S- 
23 shows the STAG plant layout. The plant data follow. 


Gas turbines. 
Turbine exhaust; 


HRB: 


Feedwater. 

Steam; 

Steam turbine; 


Fuel: 


Four GE Model 1000, each rated at 49.5 MW base and 54.9 
MW' peak at 8(fF (27"C) inlet. 

97(TF (521°C). Dampers used to bypass gas to atmosphere when 
operating alone, or to direct gas to the HRB when operating in 
combined-cycle mode. Silencers are ItKated ahead of bypass 
stack and HRB 

Four, single-pressure, bumer-and-steam-generator sections are 
factory-assembled modules 180] for site erection. Forced-recir- 
culation m boiler section. 

267°F (130°C) at economizer inlet. 

1250 psig (87 bar), 950°F (51(fC), 995,200 Ibjh (125 kg/s). 
One high-pressure and one double-flow low-pressure, tandem- 
compound sections, nonreheat, rated at 129.6 MW with 3.5 inHg 
(0,12 bar) back pressure. 

No. 2 distillate oil initially. Corrosion-resistant first-stage gas- 
turbine materials allow future use of heavier fuel. 


STAG, as most combined cycles, has operational flexibility. Each of the four gas 
turbines and the steam turbine may be started, controlled, and loaded independently 
from a centralized control room. Either one or more gas turbines may be operated. 




i;AS TJRBINl AN[) C'OMBINI D C YCI.LS 347 

each with or without its HRB and with its HRB supplementary fired or unfircd. Gas- 
turbine siart-ups are staggered by 30 s. Interlocks will prevent steam-turbine starting 
if no HRBs are operational. Steam pressures of 600, 800, KKX), and 1230 psig arc 
used with 1, 2, 3, and 4 gas turbines and HRBs, respectively The total gas-turbine 
output of 198 MW is available within 30 min and the total plant output of 330 MW 
within i hour after an overnight shutdown. 

The efficiency and operational flexibility of the plant are illustrated by the heat- 
rate curves of Fig. 8-24. The top four short curves are indicative ol operation on 1, 
2, 3, 4 gas turbines, exhausting to the atmosphere, respectively. They have a heat- 
rate range of 13,000 to 13,3(K) Btu/kWh, which corresponds to thermal efficiencies 
of 26.3 to 23.3 percent. The curves labeled F are for part load combinations with the 
steam turbine and minimum HRB firing. Other notations are as explained in the tabic. 
U can be seen that best heat rate, at point A^, for [X‘ak loads and full HRB firing, is 
8'^(X) Btu/kWh corresponding to 39.2 percent efficiency. 

Because STAG is partly a gas-turbine plant, the cooling-tower and circulating- 
water makeup requirements are about half those of a conventional steani-cyclic plant 
of the same output. STAG had a short lead time from order to operation -and was 
budgeted at $33.300,()(K), corresponding to about S16() kW capital cost 
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Figure 8-24 STAG combined-cycle powcrplanl heal rates as a function ot numt)i‘r ot turbines, nnxie oi 
operation and plant load. Data for 80'’F air and } 5 inHp condenser pressure 172] VWO - very-wide open 
ihrotile, PL = part load. 
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Another U.S. built combined-cycle plant is PACE, built for the St. Joseph Power 
and Light Company of northwestern Missoun [81]. 


8-10 COMBINED CYCLES WITH MULTIPRESSURE STEAM 

A combined cycle with niultipiessure steam reduces the temperature of the gas leaving 
the heat-recovery boiler and hence results in increased efficiency of the plant as a 
whole. With steam cycles operating around i3(X) psia (90 bar), saturation temperatures 
around 575°F (300'^C). and feedwater into the HRB at about (130“C), the gas 

temperature leaving the HRB to the stack is still at about 3(X) to 400°F (130 to 200’C). 
Some of the energy leaving with that gas can be utilized in a multipressure steam 
cycle. The simplest such cycle is a dual-pressure* one, although triple-pressure cycles 
have been considered. 

A dual-pressure cycle (Fig. 8-23) shows a heat-recovery boiler with two steam 
circuits in it. One, a high-pressure circuit, feeds steam to the steam turbine at its inlet: 
the other, a low-pressure circuit, feeds steam to the same turbine at a k)wer-prcssurc 
stage. A corresponding temperature-enthalpy diagram of both gas and steam circuits 
in the HRB is shown in Fig. 8-26. 

Exhaust gas leaving the gas turbine enters .supplementary tiring (SF) at 4 and the 
heat-recovery boiler (HRB) at 3, leaving it to the stack (ST) at 6. Condensate leaves 
the steam condenser (C) at 8 and enters the condensate pump (CP) and two closed- 
type feedwater heaters (FAV'H) and one open-type deaerating heater (DA). It then enters 
the boiler feed pump (BFP) at 9, where it i< pumped to iO to a lower pressure than 
that of steam maximum. Process 10-11 is feedwater heating in a low-pressure econ¬ 
omizer, followed by evaporation to 12 and .superheat to 13 Superheated low pressure 
steam at 13 enters the steam turbine at a low-pressure stage 

Water from the low-pressure steam drum at ! 1 is pumped by a booste: purnp (BP) 
to 14 and goes to the high-pressure economizer, Fvaporation. occurs from 13 to 16 
and superheat to 17. High-pressure superheated steam at 17 enters ihe steam turbine 
first stage. 

It can be seen from the T H diagram (Fig. 8-26) that low-pressure steam boils at 
a temperature (12) below that of high-pressure steam (16), and hence there are two 
pinch points between the gas line and the saturated steam lines. It can also be seen 
that a single high-pressure steam circuit would be represented by 10'-13-16-17 with 
gas leaving to the stack at 6'. Adding the low-pressure circuit allows the gas to leave 
at a lower temperature (6), thus extracting more energy from il and increasing the 
overall cycle efficiency. 

An example of a dual-pressure combined cycle is the Dongc-Gccrtruidcnbcrg plant 
of PNEM in Holland (78). It has a gas-turbine output of 76.7 MW and a steam-turbine 


* The idea is not unique to combined cycles. Low-temperature gas cuoled-rcactor pi^uerpliifi'.s ol ihe 
British Magnox type (Sec. 10-11) have used dual pressure cycles for a smiilar purp(.)sc, .\n early boiling 
water-rcaclor powerplant (Dresden 1) used dual pressure, but for a different purpose (.4 
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Figure 8-28 T-s diagrams of helium and steam cycles shown 
in Fig 8-27 


8-11 A COMBINED CYCLE FOR NLCLEAR POWERPLANTS 

A combined cycle for nuclear plants (821 presupposes that a high-temperature gas- 
cooled nuclear reactor (HTGR) (Sec 10-12) is the heat source for the gas-turbine 
cycle. Such a reactor-turbine combination uses helium gas as the reactor coolant and 
gas-turbine cycle working fluid in a closed cycle. 

Helium at 1 (Figs. 8-27 and 8-28) is compressed in a helium compressor (HeC) 
to 2. It is then preheated in a regenerator (R) to 3, enters the HTGR, and leaves at 4 
at 1433 to 1470°F (780 to 800°C). It expands in the helium turbine (HeT) to 5 and 
enters the regenerator. The energy left in the gas at 6 is finally transferred to the steam 
cycle in a closed-type steam feedwater heater (FUTi). The helium, back at 1, reenters 
the helium compressor, 

The steam cycle is fairly standard. Feedwater leaves the FWH at 7, enters the 
fossil-fueled steam generator (SG), and leaves it as superheated steam at 8. This 
expands in the steam turbine (ST) and enters the condenser at 9. Condensate at 10 is 
pump>ed by pump (P), after which it enters the FWH to repeat the cycle. 

It can be seen that the gas and steam cycles are coupled only by the FWH, that 
the heat generated in the HTGR is completely utilized in both cycles, and that heat is 
rejected only in the steam condenser. 


PROBLEMS 

8-1 Show that ihe efficiency of an ideal Brayton cycle at the optimum pressure ratio is a function of 
minimum and maximum temperatures only, and independent of the working fluid 

8-2 It is required to compare the optimum pressure ratios and corresponding efficiencies of three ideal 
Brayton cycles using air, helium, and carbon dioxide as working fluids. The minimum and maximum 
temperatures are 10“C' and 1115°C, respectively. Use properties at low temperatures 
8-3 A gas turbine cycle operates with air only with a constant specific heat of 0.24 Btu/lb^ ■ R. The inlet 
air IS at 14 6% psia and 60°F The maximum cycle temperature is 1800^ The compressor and turbine 
have the same pressure ratio of 8 and poly tropic efficiencies of 0 85 A regenerator with 75 percent 
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effeclivcness is considered. Calculate (d) all temperatures around the cycle, in degrees Fahrenheit, {h) the 
efficiency of the cycle, in percent, (c) (he heat added, in Btus per hour, to produce lO-MW power, {d) the 
efficiency of the cycle if no regenerator is used, (e) the efficiency of a comparable ideal cycle with a perfect 
regenerator, 

8-4 A Brayton cycle op>erating on air only with a constant c„ = 0 24 Btu/lb;„ "R, has compressor and 
turbine fRilytropic efficiencies of 0 8 and 0 d, respectively, and the same pressure ratio of 6.0. The inlet 
and maximum temperatures are 4() and 1‘44(FF, respectively A regenerator with H.S percent eftectiveness 
is used. Crdculatc ((]) the net work, in Btu/lb„, (h) the cycle efficiency, and (r) the air mass flow rate foi 
a 20-MW output 

A Brayton cycle uses helium as a working Huid with a mass flow rate of 200 Ib^V-*^ The compressor 
and turbine polvtropic efficiencies are 0 K and 0.0 and (heir pressure ratios are 2 5 and 2.4. respectively 
The inlet and maximum temperatures arc 1(X) and 2(KK)"'F. respectively A regenerator with 86 percent 
effectiveness is used Calculate ia) the cycle efficiency, ih) the jx:rceni improvement in cycle efficiency 
due to regeneration, and (r) the cvcle power, in megawatts 

8-0 A helium gas turbine cycle has compressor and turbine polytropic efficiencies ol 0 8 and 0 0 and 
pressure ratios of 2 6 and 2 4. respectively The cornprcssoi has one stage of mterccKiling and the turbine 
has one stage of reheat. The cycle has a regenerator with 86 percent effectiveness. The cycle minimum 
and maximum temperatures are 1(K) and 2(XK)’F', resfiestively Calculate (o) the cycle efficiency, and (fii 
the cycle power for a helium mass flow rate of 2(K) lh,„. s 

8-7 .Air at 14.696 psia, 40T-, and w ith 66 perceni relative humidiiy enters the compressor of a gas turbine 
cycle The compressor and turbine have the same pressure ratio of 6 and pedvlropic efficiencies of 0 K(i 
and 0.90. respectiscly V».'ater at 60T- is mtected into the compressor e\M air, saturating it. Calculate (u1 
the air temperature after ssaier injection (6) the percent increase in mass flow rate due to water mieclion, 
(c) the compressor work in Btus pci |:K>und mass of original air, and id) the compressor work if water is 
injecled dunng the compression proc'ess to the same temperature as (t/), in Btus per pound mass ol original 
air Use a constant 0 24 Btu lb^ R 

8-8 Air at 14 696, 40 f-. and with 66 percent relative humidity enters (he compressor of a gas turbine eyele 
The compressor and turbine have the same pressure ratio of 6 and polvtropic efficiencies of 0 80 and 0 fH), 
respectively Water at 60T' o injected into the compressor exit air. saturating it The air then gix^s through 
an 86 percent effective regenerator The turbine inlet temperature is 1940'}- Calculate (u) the heat added, 
m Btus per pound mass of original air, ih) the cycle efficiency, o ) the original air mass flow rale, in pound 
mass per hour, (or a 20-MW' net cycle output, and (d) the necessary water injection rate, in fHiund mass 
per hour For simplicity, use a constant 0 24 Btu'lb„, °R Compare these results with tho.se ol f^roh 
8-4 that have the same data but no water micction 

8-9 A simple Brayton cycle w ithout regeneration, interccKiling or reheat has eornpressor and turbine pressiin 
ratios of 9.286 and 8 276. polvtropic efficiencies of 0 862 and 0 904, and minimum and maximum tern 
peraturcs of 40 and 204()“f' Air enters the compressor at the rate ol 6 * 1(F lb„/h The combustion gase^ 
corresptsnd to 4(K) percent theoretical air Find the net cycle p(»wcr. in megawatts, and cycle cfficiencs 
using (o) a constant specific heat of 0 24 Ffiu llv R and constant k 14, and (h) the gas tables Ihe 
molecular weight ol the u'mhusiion gases ^ 28 926 The ratio of products to air by mass - I 0I6H 
8-10 A 6()-MW combustion gas turbine cycle using 2(X) percent ol theoretical air has one stage of interctKiling 
no reheat and a 79 8 [X'rcent cflcctive regenerator The compressor and lurbmc pressure ratios arc 8 63 and 
8.231 and have ^solyiropic efliciencies of 90 and 90 62 percent, respectively The inlet and maximum 
temperatures are 4(1 and 2I4(F} L sing the gas tables, calculate (ul the net cycle work, in Btus per pound 
mass air, (h) the cycle efficiency, and (< ) the air mass flow rale, in pt)und mass ^ler hour, it the mechanical 
and electrical efficiencies arc 96 percent each. 

8-11 A combustion Brayton cycle uses 200 percent of theoretical air. The cycle has an inlet temperature 
of 6(KTR and a turbine inlet temperature of 2(KKrR The compression ratios in the compressor and turbine 
are assumed equal to 9 One stage of mtercmrling and one stage of reheat arc used Assume that all rotary 
machines have efficiencies of 0 86 A 0 86 effective regenerator is used Calculalc the net work of 
cycle and the overall efficiency , using the gas tables 
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S-12 ll IS required to compare the three methods of air cooling of the blades of high-temperature combustion 
gas turbines: (1) convective, (2) impingement, and (3) combined convection and film (transpiration). Assume 
tot all cases that the blades have a mean surface area ot KK) enr and that the blade surface temperature is 
not to exceed 9(K)T. with a cooling air inlet temperature to the blades of 3CK)T. Assume also that the 
cooling air mass tli>w rate ;s 0 02 kg/s per blade and that the heat transfer coefficient is the same in all 
cases, 2.0 kW/m C Estimate (u) the permissible maximum turbine gas temperature for each of three 
methods and {h) the net work, in kilojoules per kilogram of air, and the cycle efficiency for methods I and 
3 only lake k ----- I 4, and i 3 '4 loi compressor and turbine, and - l.(K)5, 1,2267 and 1.1057 kJ/ 
kg ' K tor compressor, turbine, and heat addition, respectively. 

8-13 Consider a combined gas steam turbine cycle with both machines ideal. Air cniers the compressor at 
1 atm and 5(K)''R. 200 percent theoretical an gases enter the gas turbine at 24(K)''R The |-ressure ratio for 
both compressor and turbine is 5 624 No inlercoolmg, reheat, or regeneratior are used m the gas-turbine 
cycle The turbine exhausi is used directly without supplementary tiring and leaves to the stack at 1(XX)°R. 
Steam is produced at HKK) psia and 1(XK)1-. The condenser pressure is 1 psia. No leedwater heating is used 
and the pump work may be ignored, Draw the (low and T-s diagrams labeling points correspondingly, and 
calculate (ci) the heat added, per pound mass ol air, ih) the steam How per pound mass of air, (r ) the 
combined work, in Btus per pound mass of air, (d) the combined plant efticiency, and (e) Ihe plant efficiency 
if the steam cycle is inopcratice 

8-14 A combined gas sieani-lurbinc powcqdant is designed with four 50-MW gas turbines and one 120- 
MW steam turbine Tach gas turbine operates with compressor inlet temperature 505 K, turbine inlet 
icmpc'ratiirc 2450'R. pressure ratio tor both compressor and turbine 5. and compressor and turbine [xilylropic 
and mechanical clliciencics 0 87 and O.^f) The gases leaving the turbines go to a hcat-rccovcr) boiler then 
to a regcf'craior with an effectiveness ot 0 87 The turbine gases correspond to 2(K) percent ol theoretical 
air The .steam cycle has a turbine steam inlet at 12(K) psia and I460"R. one op-cn i)'pc feedwater healer 
(not oplimall) placed) with leedwater lernpcTaturc to heat recovery boiler at 92(ER, eonden.ser pressure 1 
psia, and turbine polylropic and mecbameal efliciencies 0 87 and 0 % All electric generator efhciencies 
arc 0,06 Sufiplementary tiring at lull load raises the gas temperature to 2(KK)''K Draw the cycle flow and 
T-s diagrams and find (</) the required steam mass flow rale in the steam turbine in pimnd mass per hour, 
ih) the required air mass (low rate in each gas luibinc in pound mass fxr hour. (( ) the heat added in the 
gas cycle and in supplementary tiring at full load, (d) the slack gas temperature in degrees Fahrenheit, (e) 
the cycle cfhcieney at full load, and if) the efiiciency at startup when only one gas turbine is u.sed at its 
full load with no supplementary tiring or regeneration (Ignore the steam cycle pump work ) 

8-15 (’onsider the steam generator in a combined cycle of the dual-pressure variety (Tig. 8-25), The 
combust ion gases, conosponding to 200 percent theoreiieal air, leave supplementary bring at I500"R and 
the steam generati/r at SIO R Steam is generated at I0(K) psia and EfOO'^E, and 2(K) psia and 5(X)''F, from 
feedwater at 3(Xkf The high and low-pressure steam mass flow rates are equal Using the gas tables, 
ealculalc (a) the gas mass flow lale, in [round mass per pound mass ol total steam, and (6) the gas exit 
tcrnperaiure, in degrees Fahrenheit. il onlv high-pressure steam is generated, for the same gas mass flow 
rale The gas molecular weight ^ 28 880 

8-16 A combined cycle ol the type shown m Fig 8-27 uses helium in the gas turbine portion The compre.ssor 
and turbine have the same pressure ratio ot 2.0. ilie same polytropic elticiencics ol 0.85, and inlets at 140 
and 2040''F, respectively The regenerator eftceliveness is 0 85. The steam cycle operates with 10(X) psia 
and KXXUF steam and condenses ai I psia. The steam turbine polylropic efficiency is 0.85. The feedwater 
heater has a terminal lempcraiure Jiflercnce of 28T‘ C alculate (rt) the helium mass flow rate, in pound 
mass per hour, for a combined output of 2(X) MW, and ih) the gas. steam, and combined cycle efficiencies. 
Ignore the steam cycle pump work. 



CHAPTER 

NINE _ 

PRINCIPLES OF NUCLEAR ENERGY 


9-1 INTRODUCTION 

There is strategic as well as economic necessity for nuclear power in the United States 
and indeed most of the world. The strategic importance lies primarily m the fact that 
one large nuclear powerplant saves more than .S().(KX) barrels of oil per day. At S30 
to $40 per barrel (1982), such a powerplant would pay for its capital cost in a few 
short years, For those countries that now rely on but do not have oil, or must reduce 
the importation of foreign oil, these strategic and economic advantages are obvious 
For those countries that are oil expKirters, nuclear power represents an insurance against 
the day when oil is depleted, A modest start now will assure that they would not be 
left behind when the time comes to have to use nuclear technology. 

The unit costs per kilow atthour for nuclear energy are now comparable to or lower 
than the unit costs for coal in most parts of the world. Other advantages are the lack 
of environmental problems that are associated with coal- or oil-fired powerplants and 
the near absence of issues of mine safety, labor problems, and transportation bottle¬ 
necks. Natural gas is a good, relatively clean-burning fuel, but it has some availabilit) 
problems in many countries and should, in any case, be conserved for small-scale 
industrial and domestic uses. Thus nuclear power is bound to become the social choice 
relative to other societal risks and overall health and safety risks. 

Other sources include hydroelectric generation, which is nearly fully developed 
with only a few sites left around the world with significant hydroelectric potential 
Solar power, although useful in outer space and domestic space and water heating in 
some parts of the world, is not and will not become an economic primary source ol 
electric power 
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Yet the nuclear industry is lacing many dilliculties, particularly in the United 
States, prirnanly as a result of the negative impact ol the issues of nuclear safety, 
waste disposal, weapons proliferation, and economics on Ihc public and government. 
1 he impact cm the public is complicated by delays m licen'-ing proceedings, court, 
and ballot box challenges fhese posed severe obstacles tc. cleclnc utilities planning 
nuclear powerplants, the result being scheduling problems, escalating and unpredictable 
costs, and economic risks even before a construction penint is issued. Utilities had to 
delay or cancel nuclear proiects so that in the early U.fSOs there was a dc facto 
moratorium on new' nuclear plant ccunmitments in the United States. 

it IS, however, the opinion ol many, including this author, tfiat despite these 
dilliculties the future of large electric-energy generation includes nuclear energy as a 
primary, if not the mam, sourc e. I'he signs are already evident in many fmropcan and 
Asian countries such as f'rance, the United Kingdom, Japan, and the U.S.S.R. 

In a powerjdant technc^logy course, it is therelore necessary to study nucleai energy 
systems We shall begin m this chapter by covering the energy-generation processes 
in nuclear reactors by starting with the structure id the atom and its nucleus and the 
reactions that give rise to such energy generation. These include li>sion. lusion. and 
dirierenl types ot neutron-nucleus interactions and radioactivity, fiie following two 
cliaptcrs will cover the two mam classes of nuclear powerplants in use or under active 
development in the world tcHlay, the thermal and the tasl-brecder reactor powerplants. 


9-2 THE ATOMIC STRUC rCRE 

In 1803 John Dalton, attempting to explain the laws ol chemical combination, proposed 
his simple but incomplete atomic hypothesis. He postulated that all elements consisted 
of indivisible minute panicles ol matter, atoms.'* that were dillerent lor dillerent 
elements and preserved then mdentity in chemical reactions. In 1811 Anudeo Avo- 
gadro introduced the molecular theory based im the molccult\ a panicle ol matter 
composed of a finite number of atoms, it is now known that the atoms arc themselves 
composed of subparticles, common among atoms ol all elements. 

An atom consists of a relaiisely heavy, povitixely charged nucleus and a number 
of much lighter negatively charged electrons that exist in various orbits around the 
nucleus. The nucleus, m turn, consists ol subparticles, called nucleons. Nucleons are 
primarily of two kinds: the neutrons, which are electncallv neutral, and the protons. 
which are positively charged. The electric charge on the proton is equal in magnitude 
but opposite in sign to that on the eleciron. d he atom as a whole is electrically neutral; 
the number of protons equals the number of electrons m orbit 

One atom may be transformed into another by losing or acquiring some ol the 
above subparticles Such reactions result m a change m mass \m and therelore release 
(or absorb) large quantities of energy AT, according to fonsiem s law 


* Much earlier, in (he tilth centur\ H i' , the Greek Deiiiocrilus declared that the siiiipleM [hum out t)t 
which everything is made is an atom. (The (ireek word iiionun means "uncut ) 
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(9-1) 

where c is the speed of light in vacuum and g, is the familiar engineering conversion 
factor (Sec. 9-4). Equation (9-1) applies to all processes, physical, chemical, or 
nuclear, in which energy is released or absorbed. Energy is, however, classified as 
nuclear if it is associated with changes in the atomic nucleus. 

Figure 9-1 shows three atoms. Hydrogen has a nucleus composed of one proton, 
no neutrons, and one orbital electron. It is the only atom that has no neutrons, Deulenuni 
has one proton and one neutron in its nucleus and one orbital electron Helium contains 
two protons, two neutrons, and two electrons. The electrons exist in orbits, and each 
IS quantitized as a lumped unit charge as shown. 

Most of the mass of the atom is in the nucleus. The masses of the three primary 
atomic subparticles are 

Neutron mass m„ = 1 .(K)8665 amu 
Proton mass - l.(X)7277 amu 
Electron mass m,, - ().(X)0548b amu 

The abbreviation arnu, for atomic mass unit, is a unit of mass approximately equal to 
1.66 X 10 kg, or 3.66 x 10 lb,„. These three particles arc the primarv budding 

blocks of all atoms. Atoms differ in their mass because they contain vary ing numbers 
of them. 

Atoms with nuclei that have the same number of protons have similar chemical 
and physical characteristics and differ mainly in their masses. They are called isotopes 
For example, deuterium, frequently called heavx hydrogen, is an isotope of hydrogen. 
It exists as one part in about 666t) in naturally occurring hydrogen. When combined 
with oxygen, ordinary hydrogen and deuterium form ordinary water (or simply water) 
and heavy water, respectively. 

The number oi protons m the nucleus is called the atomic number Z I'he total 
number of nucleons in the nucleus is called the mass number A. As the mass c)l a 




0 = proton • ^electron 



Figure 9-1 Structure of some light atoms: (a) hydrogen; {b) dculenurn or heavy hydrogen, and (() helium 
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neutron or a proton is nearly 1 amii, A is the integer nearest the mass of tne nucleus, 
which in turn is approximately equal to the atomic mass ol the atom. Isoitipes of the 
same element thus have the same atomic number hut difier in mass number. Nuclear 
symbols are written conventionally as 

,y;' 

where A is the usual cliemical symbol. Thus the hydrogen nucleus is |M', deuterium 
IS ,}T" (and sometimes D), and cndinary helium is He^ l or particles containing no 
protons, the subscript indicates the magnitude and sign of the electnc charge. Thus 
an electron is (sometimes e or ^ ) and a neutron is on'. Symbols are also often 
written in the form FTe-4, helium-4, etc. Another system of notation, written as }X. 
will not be used m this text. 

Many elements (such as hydrogen, above) appear in nature as mixtures of isotopes 
of varying abundances. For example, naturally occurring uranium, called naiural 
uranium, is composed of 99.282 mass percent 0.712 mass percent and 
0.(X)6 mass percent where the atomic number is deleted. It is 92 in ail cases. 
Many isotopes that do not appear in nature are synthesized in the laboratory' or in 
nuclear reactors. For example, uranium is known tc^ have a total of 14 isotopes that 
range in mass numbers from 227 to 240. 

Tht known elements, their chemical symbols, and their atomic numbers are listed 
alphabetically in App. j. Figure 9-2 shows, schematically, the simcture of T]‘, He\ 
and some heavier atoms and the distribution of their electrons in various orbits. 

Two other particles of importance arc the positron and the neutrino. I'hc positron 
is a pKxsitively charged electron having the symbols , e ', or /3 ‘ . The neutrino 
(little neutron) is a tiny electrically neutral particle that is dillicult to observe exper¬ 
imentally. Initial evidence of its existence was based on theoretical considerations. In 
nuclear reactions v here a particle of cither kind is emitted or captured, (he resulting 
energy (corresponding to the lost mass) was n(*t all accounted for by the energy of 
the emitted /3 particle and the recoding nucleus. It was first suggested by Wolfgang 
Pauli in 1934 that the neutrino was simultaneously ejected in these nuictions and that 
it carried the balance of the energy, often larger than that canied by the p particle 
itself. The importance of neutrinos is that they carry some 3 percent of the total energy 
produced in fission. This energy is completely lost because neutrinos do not react 
and are not slopped by any practical stnictural material. The neutrino is given the 
syrntRil p. 

There are many other atomic subparticles. An example is the mesons, unstable 
positive, negative, or neutral particles that have masses intermediate between an elec¬ 
tron and a proton. They are exchanged between nucleons and arc thought to account 
for the forces between them A discussion of these and other subparticles is, however, 
beyond the scope of this book. 

Electrons that orbit in the outermost shell ol an atom are called valence electrons. 
The outermost shell is called the valence shell. Thus, hydrogen has one valence electron 
and its K shell is the valence shell, etc. Chemical properties of an element are a 
function of the number of valence electrons. The electrons play little or not part in 
nuclear interactions. 
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9-3 CHEMICAL AND NUCLEAR EQUATIONS 

Chemical reactions involve the combination or separation of whole atoms. For example 

C 4 O. —► CO 2 (9-2) 

This reaction is accompanied by the release of about 4 electron volts (eV). An electron 
vc//is a unit of energy m common use in nuclear engineenng. 1 eV = 1.6021 x 10"'*^ 
joules (J) — 1.519 X 10 Btu — 4.44 x 10 kWh. 1 million electron volts (1 
MeV) = 10'’eV. 

In chemical reactions, each atom panicipates as a whole and retains its identity. 
The molecules change, The only effect is a sharing or exchanging of valence electrons. 
The nuclei are unallectcd. In chemical equations there are as many atoms of each 
participating element in the products (the right-hand side) as m the reactants (the left- 
hand side). Another example is one in which uranium dioxide (IJO 2 ) is converted into 
uranium tetrafluonde (UF 4 ), called green salt, by heating it in an atmosphere of highly 
corrosive anhydrous (without water) hydrogen fluoride (HF), with water vapor (H 2 O) 
appearing in the products 

HO: t 4Hh - 2 H 2 O + UF 4 (9-3) 

Water vapor is driven off and ITH is u.sed to prepare gaseous uranium hexafloride 
(LT\ 4 , which is used in the .separation of the and isotopes of uranium by 
the gaseous diffusion method. (Fluorine has only one isotope, F'*^, and thus combi¬ 
nations of molecules of uranium and fluorine have molecular masses depending only 
on the uranium isotope,) 

Both chemical and nuclear reactions arc either exothermic or endothermic, that 
IS, they either release or absorb energy. Because energy and mass are convertible, Eq. 
(9-1), chemical reactions involving energy do undergo a mass decrease in exothermic 
reactions and a mass increase in endothenmc ones. However, the quantities of energy 
associated with a chemical reaction are very small compared with those ol a nuclear 
reaction, and the mass that is lost or gained is minutely small. This is why we assume 
a preservatum of mass in chemical reactions, undoubtedly an incorrect assumption but 
one (hat is sufliciently accurate for usual engineering calculations. 

In nuclear reactions, the reactant nuclei do not show up in the products, instead 
w'e may find either isotopes of the reactants or other nuclei In balancing nuclear 
equations it is necessarv^ to see that the same, or equivalent, nucleons show up in the 
products as entered the reaction. For example, if K, L, M, and N were chemical 
symbols, the corresponding nuclear equation might look like 

^ + z.N" (9-4) 

To balance Ec|. ( 9 - 4 ), the following relationships must be satisfied. 

Z, + Z 2 ^ Z^ + Z 4 (9-5^;) 


and 


Ai + A2 — ^ A 


(9-5/7) 
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Sometimes the symbols y or v are added to the prtxJucts to indicate the emission 
of electromagnetic radiation or a neutrino, respectively. They have no effect on equation 
balance because both have zero Z and A, but they often carry large portions of the 
resulting energy. 

Although the mass numbers are preserved in a nuclear reaction, the masses of the 
isotopes on both sides of the equation do not balance. Hxothemiic or endothermic 
cneigy is obtained when there is a reduction or an increase in mass from reactants to 
pi c)du c t s, re s pe c 11 V c 1 \ . 

Example 9-1 CJne exothermic reaction occurs when common aluminum is bom 
barded with high-energy ct particles (helium-4 nuclei), resulting in Si^'“ (a heavy 
isotope of silicon whose most abundant isotope has mass number 28). In the 
reaction, a small particle is emitted. Write the complete reaction and calculate the 
change in rtiass. 

SoLL'TioN The reaction is 

-r die^ — 4 

where A' is a symbol of a yet unknown particle. Balancing gives 

Z 4 - 13 4 2 14 - 1 and A., -- 27 - 4 - 30 - ! 

The only particle sat is lying these is a proton. Thus the complete reaction is 
mAI '^ - T^e-^ ^ mSi"' 4 ,H’ 

The isotope masses of the nuclei show'ing up in this reaction arc 

Reactants f'rtxJucis 


Ai-' 

26 48 1arnu 

Si"’ 

24.47^76 amu 


4 (KI2(>() amu 

H' 

1 (K)78.^ amu 

1 ofal 

.^0 484 1 amu 

1 ulal 

30 4K1.S4 amu 


Thus there is a decrease m mass, as Am - 30.98)59 - 30.98143 -- - 0.(K)2S4 
amu. rhe corresponding energy is negative; i.c., energy is released or is exolliei 
mic. In nuclear reactuins, the results depend on a small diflerencc between large 
numbers, which makes it necessary to carr>' the isotope masses to the fourth or 
fifth decimal places. 

An example of an endothermic nuclear reaction is 
-t- JV ,0''^ 4 ,H' 

rhe sum of the masses of these reactants and products arc 14.00307 ^ 
4.00260 - 18.00567 amu and 16.99914 f l.(X)783 - !8,00697 amu, respev- 
tively. Ihus there is a net gam in mass of 0.00130 amu, which means that energy 
is absorbed and the reaction is endothermic. 
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In the above two reactions, the positively charged a particles must be accelerated 
to high kinetic energies to overcome electrical repulsion and bombard the positively 
charged aluminum or nitrogen nuclei. The reactants possess initial kinetic energy equal 
to the kinetic energy of the a particle plus the kinetic energy of the nucleus, though 
the latter is usually negligible, (This process is analogous to raising a fuel-air mixture 
to Its ignition temperature by adding activation energy before combustion can take 
place.) When the reactions are completed, the energy released will be equal to the 
initial energy of the reactants plus the energy corresponding to the lost mass (or minus 
the energy corresponding to the gained mass). 

This energy shows up in the form of kinetic energy i)l the resultant particles, in 
the form ol y energy, and sometimes as c\ciiati<m of the product nucleus, if 

uny hecrmie so excited. The total kinetic energy of the products is divided among the 
miclci and particles in such a manner that the lighter particles have higher kinetic 
energies than the heavier ones. 

The isotope masses used above included the masses ol (he orbital electrons d'he 
nuclear masses can he computed by subtracting the sum of the masses ot Z orbital 
electrons. For example, (he mass of (he AF nucleus --- 2(),9S153 - 
\} X (1.0005486 -- 20.47440 amu, and so t>n. Such coirections are unnecessary in 
most cases because the same number ol electrons show ip t>n both sides ot the equation. 
For exaiiiple, tn Eq. (4-6), the energ> produced corresptuids to the change in masses 
of the nuclei a.s given by 

\ni ---- |(A/.s, 14;?/ri {^U\ ' F-A/ai “ 1-On,,.) f ((\/n,- - 2^n,.)| 

where M is the isotope atomic mass and the mass of the electron. It can be seen 
that the number of electrons balance and that 

Am - (Ms: + A/h) - (A/m + A/ne) 

The pnniciple holds even if neutrons (whose mass, l.(K)8665 amu, does not include 
any electrons) are involved, in general then 

Am = A .W,i 

and the cieciroii masses are neglected. This rule applies even II an electron appears 
on either side of the equation. ,\n example is 

,„.S" -> ,AI" t (^> d) 

In this ease 

-- |(A/i; Mrn,) f \M^ - Ihm/) - A/(, hU 

An exception, however, is in reactions involving positrons 

„C''.B" I- .,C •‘J-IO* 

In this case 

Am |(,M„ - .^m,) f m,| - (Mf - 6m j = A/u - Me + Im, 
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Two electron masses are added if the positron is on the right-hand side of the equation 
and subtracted if it is on the left-hand side. 


9-4 ENERGY FROM NUCLEAR REACTIONS 


The energy corresponding to the change in mass in a nuclear reaction is calculated 
from Einsteins law, Hq. (9-1), here repeated 

\E = - (9-1) 

where is a conversion factor* that has the following values 


I.O 
1.0 
32.2 
4.17 X 10” 
0.965 X 10'" 


kg ■ m/(N S') 
g • cm'/(erg ■ s') 

Ib^ • W{\bf • S') 

Ib,„ • lt/(lb; • hr^) 
amu • cmV(MeV • s') 


Thus if Am is in kilograms and c in meters per second, AE will be in joules. Since 
c = 3 X 10^ m/s, Eq. (9-1) can be written in the form 

AE; (in J) - 9 X 10'" Am (in kg) (9-11) 

But as it is convenient to express the masses of nuclei in amu = 1.66 x 10 kg 
and the energy in joules (J) and MeV, Eq. (9-11) becomes 

AE(inJ)= 1.49 x 10 Am (in amu) (9-12) 

and 


AE (in MeV) ~ 931 Am (in amu) (9-13) 

a useful relationship to remember. The reaction in Example 9-1 thus produces 
-0.00254 x 931 ^ -2.365 MeV of energy. Mass-energy conversion factors are 
given in Table 9-1. 


9-5 NUCLEAR FUSION AND FISSION 

Nuclear reactions of importance in energy production are fusion, fission, and radio¬ 
activity'. Radioactivity will be discussed in Sec. 9-8. Infusion, two or more light nuclei 
fuse to form a heavier nucleus. In fission, a heavy nucleus is split into two or more 
lighter nuclei. In both, there is a decrease in mass resulting in exothermic energy. 


The same as in force ^ 1//?, ^ mass x acceleration. 
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Table 9-1 Mass-energy conversion factors 


Mass 






Energy 






MeV 


J 



Btu 

kWh 



MW day 


amu 

931,478 


1.4924 

X 

KT'" 

1.4145 X im*' 

4.1456 

X 

i(r" 

9.9494 X 

itr'' 

kg 

5.6094 X 

10" 

8.9873 

X 

10“’ 

8.5184 X 10'^ 

2 4965 

X 

10'" 

5.9916 X 

i0“ 

lb„ 

2.5444 X 

10" 

4.0766 

X 

10“ 

3.8639 X 10" 

1.1.324 

X 

10'" 

2,7177 X 

10'-' 


Fusion 

Energy is produced in the sun and stars by continuous fusion reactions in which four 
nuclei of hydrogen fuse in a scries of reactions involving other particles that continually 
appear and disappear in the course of the reactions, such as He\ nitrogen, carbon, 
and other nuclei, but culminating in one nucleus of helium and two positrons 

4,H' - ^ :He' I 0’“ (9-14) 

resulting in a decrease in mass of about 0.0276 amu, couesponding to 2.^.7 MeV. 
The heat produced in these reactions maintains temperatures of the order of several 
million degrees in their cores and serves to trigger and sustain succeeding reactions, 

On earth, although fission preceded fusion in both Vvcapons and power generation, 
the basic fusion reaction was discovered first, in the 1920s. during research on particle 
accelerators. Anificially produced fusion ma> be aiciimplished when two light atoms 
fuse into a larger one as there is a niucfi greater probability of two particles colliding 
than of four. The 4-hydrogen reaction requires, on an average, billions of years for 
completion, whereas the deuterium-deuterium reaction requires a fraction of a second. 

To cause fusion, it is necessar^v to accelerate the positively charged nuclei to high 
kinetic energies, in order to overcome electrical repulsive forces, by raising their 
temperature to hundreds of millions of degrees resulting in a plasma. The plasma must 
be prevented from contacting the walls of the container, and must be confined for a 
period of time (of the order of a second) at a minimum density. Fusion reactions are 
called thermonuclear because very high temperatures are required to trigger and sustain 
them [3,831. Table 9-2 lists the possible fusion reactions and the energies produced 


Table 9-2 


Number 

Fu.sion reaction 

Energy p)er 
reaction. MeV 

Reactani.s 

Products 

1 

D + D 

T -f 

4 

2 

D f D 

He' + n 

3-2 

3 

T S D 

He^ ^ n 

17,6 

4 

He- + D 

He"* p 

18.3 
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by them, n, p, D, and T are the symbols for the neutron, proton, deuterium (H‘), and 
tritium (H^), respectively. 

Many problems have to be solved before an artificially made fusion reactor be¬ 
comes a reality 13,83). The most important of these are the difficulty in generating 
and maintaining high temperatures and the instabilities in the medium (plasma), the 
conversion of fusion energy to electricity, and many other problems of an operational 
nature. Fusion powerplants will not be covered in this text. 


Fission 

Unlike fusion, which involves nuclei of similar electric charge and therefore requires 
high kinetic energies, can be caused by the neutron, which, being electrically 

neutral, can strike and hssioii the positively charged nucleus at high, moderate, or low 
speeds without being repulsed. Fission can be caused by other particles, but neutrons 
are the only practical ones that result in a sustained reaction because two or three 
neutrons are usually released for each one absorbed in fission. These Keep the reaction 
going. There are only a few fissionable isotopes. U'’^\ Pu^'^f and IJ'" aie fissionable 
by neutrons of all energies. U''^, Th’’-, and Pu*"**' are fissionable by high-energy 
neutrons only. An example, shown scliematically in Fig. 9-3, is 

MXe'-’" 4 4 2on‘ (9-13) 

The immediate (prompt) products of a fission reaction, such as and Sr*^^ 

above, are C'dWcd fission fragments. They, and their decay products (Sec. 9-7), are 
called fission products. Figure 9-4 shows fission product data for U^ ’*^ by thermal and 
fast neutrons (Secs. 9-10 and 9-11) and for U’"^ and Pu'^'^ by thermal neutrons |84). 
The products arc represented by their mass numbers. 
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Figurr 9-3 A typical fission reaciion 
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Mass number Mass number 

(a) (^) 


Figure 9-4 Fission product yield data for (a) by thermal and 14 MeV neutrons and (b) and 
by thermal neutrons [84], 


9-6 ENERGY FROM FISSION AND FUEL BURNUP 

There are many fission reactions that release different energy values. The one in Eq. 
(9-15), for example, yields 196 MeV. Another 

+ o'l' 5603*'^ + 36Kr‘^'' + 20^2* (9-16) 


has the mass balance 

235,0439 + 1.00867 1.36.9061 + 96.9212 -H 2 x 1.00867 

236.0526-^ 235.8446 
= 235.8446 - 236.0526 = -0.2080 amu 


llius 

AF = 931 X -0.2080 = -193.6 MeV = -3.1 x 10“'' J 

= -2.937 x 10 " Btu 

On the average the fission of a nucleus yields about 193 MeV. The same 
figure roughly applies to and This amount of energy is prompt, i.e., released 
at the time of fission. More energy, however, is produced because of (1) the slow 
decay of the fission fragments into fission products and (2) the nonfission capture of 
excess neutrons in reactions that produce energy, though much less than that of fission. 
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The total en€r^\, produced per fission rcjchon. therefore, is greater than the prompt 
energy and is about 2(Xi MeV. a useful number to remember. 

The complete fission of I g of nuclei thus produces 


Avogadro's number 
IJ~^^ isotope mass 


200 MeV 


0.6022s X ]0~" 


X 200 


235.0439 

= 0.513 X 10^' MeV 
= 2.276 X HP kWh 


- 8.190 X I O'M 


- 0.948 MW-day 


Another convenient figure to remember is that a reactor burning 1 g of fissionable 
material generates nearly 1 MW-day of energy. This relates to fuel hiirnup. Maximum 
theoretical burnup would therefore he about a million MW-day/ton (metric) ol fuel. 
This figure applies if the fuel were entirely composed of lissionahle nuclei and all ol 
them fission. Reactor fuel, however, contains other nonlissionable isotopes ol uranium, 
plutonium, Ol thorium. I uel is defined as all uranium, plutonium, and thorium isotopes. 
It docs not include alloying or other chemical compounds or mixtuies. dhc terni //re/ 
material is used to refer to fuel plus such other materials. 

Even the fissionable isotopes cannot be all Hssioned because (4 the accumulation 
of fission products that absorb neutrons and eventually stop the chain reaction. Because 
of this—and owing to metallurgical reasons such as the inability of the fuel material 
to operate at high temperatures or to retain gaseous fission products |such as Xe and 
Kr, Eqs. (9-15) and (9-16)] in its structure except for limited periods of time—burnup 
values are much lower than this figure. Ihey aie. however, increased somewhat by 
the fissioning of some fissionable nuclei, such as Pu'^f which are newly converted 
from fertile nuclei, such as U* (Sec. 1 1-2) Depending upon fuel type and enrichment 
{mass percent of fissionable luel in all fuel), biirnups may vary from about 1(K)() to 
100,(XX) MW ■ day/ton and higher. 


9-7 RADIOA( TIVITY 

Radioactivity is an impoilaru source of energy for small power dtwices and a source 
of radiation lor use in research, indusliT, medicine, and a w ide variety (4 applications, 
as well as an environmental concern 

Most ol the naturally occurring isotopes are stable. Those that are not stable, i.c., 
raduxictive, are some isotopes ol the heavy elements thallium (Z = 81), lead |7 ^ 82) 
and bismuth (Z = 83) and all tlse isotopes of the heavier elements beginning with 
polonium (Z - 84). A few' lower-mass naturally occurring isotopes arc radioactive, 
such cis Rb’^^ and In' In addition, several thousand artificially produced isotopes 
of all masses are radioactive. Natural and artilieial radioacti^c isotopes, also called 
radioisotopes, have similar disintegration rate mechanisms figure 9 5 shows a Z-A' 
chart of the known isotopes 
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Radioactivity means that a radioactive isotope continuously undergoes spontaneous 
(i.e., without outside help) disintegration, usually with the emission of one or more 
smaller particles from the parent nucleus, changing it into another, or daughter, 
nucleus. The parent nucleus is said to decay into the daughter nucleus. The daughter 
may or may not be stable, and several successive decays may occur until a stable 
isotope is formed. An example of radioactivity is 

-f (9-17) 

where the parent, ln"\ is a naturally occurring radioisotope and its daughter, Sn"\ 
is stable. 

Radioactivity is always accompanied by a decrease in mass and is thus always 
exothermic. The energy liberated shows up as kinetic energy of the emitted particles 
and as y radiation. The light particle is ejected at high speed, whereas the heavy one 
recoils at a much slower pace in an opposite direction. 

Naturally occurring radioisotopes emit a, p, or y particles or radiations. The 
artificial isotopes, in addition to the above, emit or undergo the following particles or 
reactions: positrons; orbital electron absorption, called K capture; and neutrons. In 
addition, neutrino emission accompanies /3 emission (of either sign). 

Alpha decay Alpha particles are helium nuclei, each consisting of two protons and 
two neutrons. They are commonly emitted by the heavier radioactive nuclei. An 
example is the decay of Pu"^'^ into fissionable 

g4Pu-^ — + .He' (9-18) 

Beta decay An example of /3 decay, besides Eq. (9-17), is 

K.Pb'"-^ 83 BP" + -ic"" -f V (9-19) 

where v, the symbol for the neutrino, is often dropped from the equation. The pen¬ 
etrating power of P particles is small compared with that of y-rays but is larger than 
that of a particles. /3- and a-particle decay are usually accompanied by the emission 
of y radiation. 

Gamma radiation This is electromagnetic radiation of extremely short wavelength 
and very high frequency and therefore high energy, y-rays and x-rays are physically 
similar but differ in their ongin and energy: y-rays from the nucleus, and x-rays from 
the atom because of orbital electrons changing orbits or energy levels. Gamma wave¬ 
lengths are, on an average, about one-tenth those of x-rays, although the energy ranges 
overlap somewhat. Gamma decay does not alter either the atomic or mass numbers. 


Positron decay Positron decay occurs when the radioactive nucleus contains an excess 
of protons, It effectively converts a proton into a neutron. An example is 

7Ni‘' -► (9-20) 
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Because the daughter has one less proton than the parent, one of the orbital electrons 
is released to maintain atom neutrality. It combines with an emitted positron according 
to 

+ ,e“-»2-y (9-21) 

The two particles therefore undergo an annihilation process, which produces y energy 
equivalenttothesumofthcirrestmasses2m^, or-(2 x 0.0005486)931 = -1.02 
MeV. 

The reverse of the annihilation process is called pair production. In this, a y 
photon of at least 1.02-McV energy forms a positron-electron pair. This is an endo- 
theimic process that converts energy to mass. It occurs in the presence of matter and 
never in a vacuum. 

K capture K capture also takes place when a nucleus possesses an excess of protons 
but not the threshold of 1.02 MeV necessary to emit a positron. Instead it captures 
an orbital electron from the orbit or shell nearest to the nucleus, called the K shell; 
hence the name K capture. The vacancy in the K shell is filled by another electron 
falling from a higher orbit. Thus K capture is accompanied by x-ray emission from 
the atom. K capture also effectively changes a proton into a neutron. The process is 
shown in Fig. 9-6. An example of K capture is 



Figure 9-6 K capture. 
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2,Cu^ + 28Ni"^ (9-22) 

in which Ni*^ is stable. Because the parent acquires an electron, the electron symbol 
is on the left-hand side. 

Neutron emission This occurs when a nucleus possesses an extremely high excitation 
energy. The binding energy of a neutron in a nucleus (the energy that would have to 
be added to a nucleus to expel a neutron) varies with mass number but averages about 
8 MeV. Thus, if the excitation energy of a nucleus were at least 8 MeV, it could 
decay by the emission of a neutron. An example is 

MXe'^'’ + om’ (9-23) 

The parent Xe‘^^ is a fission product resulting from the /3 decay of the fission fragment 
(called a precursor). In neutron decay the daughter is an isotope of the parent. It 
is a rare occurrence except in nuclear reactors where it is the source of delayed fission 
neutrons, which are of utmost importance in reactor control. 


9-8 DECAY RATES AND HALF-LIVES 

There can be no indication of the time that it takes any one particular radioactive 
nucleus to decay. However, if there is a very large number of radioactive nuclei of 
the same kind, there is a definite statistical probability that a certain fraction will decay 
in a certain time. Thus if we have two separate samples, one containing 10^^ and the 
other 10^^^ of the same radioisotopes, we will find that the same fraction in each, say 
one-half or 10^^V2 and 10^^/2, will decay in the same time. In other words, the rate 
of decay is a function only of the number of radioactive nuclei present at any time, 
provided that the number is large (true in most cases of practical interest). 

Radioactive-decay rates, unlike chemical-reaction rates, which increase exponen¬ 
tially with temperature, are practically unaffected by temperature, pressure, or the 
physical and chemical states of matter, i.e., whether in a gaseous, liquid, or solid 
phase or in chemical combinations with others. 

If N is the number of radioactive nuclei of one species at any time 6, and if dN 
is the number decaying in an increment of time dO, at 6, the rate of decay -dNIdO 
is directly proportional to N. 

dN 

- - = AN (9-24) 

A is a proportionality factor called the decay constant. It has different values for 
different isotopes and the dimension time ', usually s '. 

Integrating between an arbitrary time, 6 = 0, when the number of radioisotopes 
was /Vo, gives 
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Thus 


N = Noe-^^ (9-25) 

The rate of decay AN is also called the activity A and commonly has the dimension 
disintegrations per second (dis/s) or s '. The initial activity Aq is equal to ANq. Thus 

A = Ao^ (9-26) 

A common way of representing decay rates is by the use of the half-life. Oyj- 
This is the time during which one-half of a number of radioactive species decays or 
one-half of their activity ceases. Thus 

= A - 1 - 

N„ A„ 2 


and 


^ 1/2 


In 2 _ 0.6931 
A ” A 


(9-27) 


and the half-life is inversely proportional to the decay constant. Starting at ^ = 0 
when N = Nq, one-half of A^o decay after one half-life; one-half of the remaining 
atoms, or one-quarter of Nq, decay during the second half-life; one-eighth of Nq dunng 
the third, and so on (Table 9-3 and Fig. 9-7). The fraction of the initial number of 
parent nuclei or activity remaining after n half-lives is equal to (1/2)A 

Theoretically, it takes an infinite time for the activity to cease. However, about 
10 half-lives reduce the activity to less than one-tenth of 1 percent of the original— 
negligible in many cases. Half-lives of radioisotopes vary from fractions of a micro¬ 
second to billions of years, and no two have the same half-lives. They are “fingerprints” 
by which a particular radioactive species may be identified. This is done by measuring 


Table 9-3 Activity and 
half-Ufe 


Number of 

half-lives 

N/No 

or A/Ao 

0 

1 

1.00000 

1 

1/2 

0.50000 

2 

1/4 

0.25000 

3 

1/8 

0.12500 

4 

1/16 

0.06250 

5 

1/32 

0.031250 

6 

1/64 

0.015625 

7 

1/128 

0,007813 

8 

1/256 

0.003906 

9 

1/512 

0 001953 

10 

1/1024 

0.000977 

11 

1/2048 

0.000488 
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the change in activity with time and computing A from the slope of the activity history 
on a semilog plot (Fig. 9-8), from which and the unknown specie are identified. 

There are cases that involve two transitions from the parent isotope with two 
decay rates and two half-lives. In some cases two different half-lives represent one 
transition. Table 9-4 gives the half-lives and type of activity of some important ra¬ 
dioisotopes. Note that the readily fissionable isotopes and have 

extremely long half-lives, so they can be stored practically indefinitely. and 
are artificially produced (from Th^^^ and respectively, themselves very long- 
lived), whereas is found in nature. 

The energy generated by the decaying fission products results in continuing, though 
much-reduced, energy generation in a reactor after shutdown and must be removed 
by an adequate coolant system. 

Example 9-2 Radium 226 decays into radon gas. Compute (1) the decay constant 

and (2) the initial activity of 1 g of radium 226. The atomic mass is 226.0245 

amu. 

Solution 

(1) Half-life of = 1600 yr = 5.049 x lO"* s (from Table 9-4) 
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iniV- UnN^-Xe 


Tritium (H^) 

12.26 yr 

Carbon 14 

5730 yr 

Krypton 87 

76 min 

Strontium 90 

28.1 yr 

Xenon 135 

9.2 h 

Barium 139 

82.9 min 

Radium 223 

11.43 days 

Radium 226 

1600 yr 

Thorium 232 

1,41 X 10*0 yr 

Thorium 233 

22.1 mil) 

Protactinium 233 

27.0 days 

Uranium 233 

1.65 X lO’yr 

Uranium 235 

7.1 X 10* yr 

Uranium 238 

4.51 X 10® yr 

Neptunium 239 

2.35 days 

Plutonium 239 

2.44 X 10^ yr 
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A = 


0.6931 

5.049 X 10*® 


= 1.3727 X 10-** s * 


(2) Number of atoms per gram 


Avogadro’s number 
atomic mass 


Initial activity Aq = AAq 


0.60225 X 10^^ 
226.0245 

1.3727 X 10-** 


= 2.6645 X 
X 2.6645 X 


10 ^' 


10 ^' 


= 3.6576 X 10*®dis/s 


Thus the activity of 1 g of Ra^^^ is very small compared with the number of atoms 
in it and may be considered practically constant, true for any species with a 
sufficiently long half-life. Early measurements showed the activity of 1 g of radium 
to be 3.7 X 10'® dis/s instead of the more correct value above. 3.7 x 10'® was 
adopted as a unit of radioactivity and is called a curie (ci). A millicurie (mci) is 
one-thousandth of a curie and is a common unit. 


9-9 NEUTRON ENERGIES 


Because neutrons are essential to the fission process, this and subsequent sections will 
deal with them and their interactions. As any other body, the kinetic energy of a 
neutron KE„ is given by 

KE. = (9-28) 

2 ^< 

where = mass of neutron 


V = speed of neutron 

g, = conversion factor (the same as in Sec. 9-6) 


The term kinetic is occasionally dropped and the symbol KE„ simplified to so that 
neutron energy means neutron kinetic energy. E„ is commonly expressed in eV or 
MeV. Since m„ = 1.008665 amu, then 




_ 1 _ 

2 X 0.965 X 10"* 


1.0086651/' 


or 


E„ = 5.227 X 10''V MeV = 5.227 x KT' Y' eV (9-29) 

where V is the centimeters per second. 

The newly bom fission neutrons have energies ranging between less than 0.075 
to about 17 MeV. When they travel through matter, they collide with nuclei and are 



niE) 
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decelerated, mainly by the lighter nuclei, thus giving up some of their energy with 
each successive collision. This process is called scattering. 

Neutrons are classified into three categories according to energy: /avf (greater than 
10*^ eV), intermediate, and slow (less than 1 eV). One of main reactor classifications 
is the energy range of the neutrons causing fission. A fast reactor is one dependent 
primarily on fast neutrons for fission. A thermal reactor is one utilizing mostly thermal 
neutrons (Sec. 9-10). 

Newly bom fission neutrons carry, on an average, about 2 percent of a reactor 



Figure 9-9 Energy spectrum of fission neutrons. 




376 POWERPLANT TECHNOLOGY 


fission energy. They are either prompt or delayed. Prompt neutrons are released at the 
time of fission, within about 1(T*^ s (from fission fragments with a neutron-proton 
ratio the same as the original nucleus but greater than that corresponding to their mass 
number). Delayed neutrons, produced in radioactive decay of some fission products 
(Sec. 9-7), constitute only 0.645 percent of the total fission neutrons in fission 
(less for and Their energies arc small compared with those of prompt 

neutrons but they play a major role in reactor control. 

Prompt neutrons have an energy distribution shown in Fig. 9-9 and given (for 
and Pu^^’ fission) by |85] 


n{E) dE„ 



sinh 


'dE„ 


(9-30) 


where n{E) is the number of neutrons having energy per unit energy interval dE„. 
Most of the prompt fission neutrons have energies less than 1 MeV but average around 
2 MeV. 


9-10 THERMAL NEUTRONS 

Fission neutrons are scattered or slowed down by the materials in the core. An effective 
scattering medium, called a moderator, is one which has small nuclei with high neutron¬ 
scattering and low neutron-absorption probabilities, such as H and D (in H 2 O and 
D 2 O), C (graphite), and Be or BeO. The lowest energies they reach are those that put 
them in thermal equilibrium with the molecules of the medium they are in. They 
become thermalized and arc called thermal neutrons, a special category of slow neu¬ 
trons. 

Neutrons, like molecules at a given temperature, possess a wide range of energies 
and corresponding speeds (Fig. 9-10a). The velocity distribution, shown for two 
temperatures in Fig. 9-106, is expressed by the Maxwell distribution law 

rt(V0 dV = 4-irn( ^ -) ” dV (9-31) 

\gc2TtkTJ 

where n(V) = number density of particles, present in given volume 
of medium, per unit velocity interval dV between V 
a^ndV + dV 

n = total number of particles in same volume of medium 
m = mass of particle 

k = Boltzmann’s constant (universal gas constant divided 

by Avogadro’s number) * 1,3805 x 10"” J/K, or 8.617 
X 10-" MeV/K) 

T = absolute temperature 



Number of particles Density 
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{a) 



(h) 

Figure 9-10 (a) Kinetic energy and velocity distnbutions of thermal neutrons at a given temperature, (b) 
Velocity distribution at two temperatures. 


The most probable speed is the one that corresponds to the maximum number 
density evaluated by differentiating the right-hand side of Eq. (9-31) with respect to 
V and equating the derivative to zero, resulting in 


= 



(9-32) 


The energy corresponding to the most probable speed (which is not the same as 
the most probable energy) is 


E„ = = kT 

2gr 


(9-33) 
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Table 9-5 Thermal-neutron speeds and 
energies 


Temperature 

Most probable 
speed, m/s 

Corresponding 
energy, eV 

T 

op 

20 

68 

2,200 

0.0252 

260 

500 

2,964 

0.0459 

537.8 

1000 

3,656 

0.0699 

1000 

1832 

4,580 

0.1097 


Thus the energy of the ihermalized particle is independent of mass and a function only 
of the absolute temperature of the medium. The independence is also true for the shape 
of the energy-distribution curve so that when neutrons become theimalized in a me¬ 
dium, they possess the same energy distribution of the molecules of the medium. The 
speeds, however, are dependent on mass, and the speed distributions of neutrons and 
molecules are different. Using the neutron mass in grams and Boltzmann’s constant 
in eV/K gives 

(in m/s) = 128.397^’ ^ (for a neutron only) (9-34) 

and 

(in eV) = 8.617 X 10 Y (for any particle) (9-35) 

where T is in kelvins. Table 9-5 contains some thermal-neutron most probable energies 
and speeds as a function of temperature. The speed of 2200 m/s and energy of 0.0252 
eV at 20 C are sometimes said to be “standard ” Cross sections (Sec. 9-11) for thermal 
neutrons are customarily tabulated for 2200-m/s neutrons. Neutrons having energies 
greater than thermal, such as those in the process of slowing down in a thermal reactor, 
are called epithermal neutrons. 


9-11 NUCLEAR CROSS SECTIONS 

Assume a beam of monoenergetic neutrons of intensity Iq neutrons/s impinging on a 
body having a target area A cm^ and a nuclear density N nuclei/cm^ (Fig. 9-11). The 
nuclei have radii roughly i/IOOO those of atoms and, therefore, have a cross-sectional 
area, facing the neutron beam, that is very small compared with the total target area. 
Taking one nucleus into consideration, we may use the analogy of a large number of 
peas (neutrons) being shot at a basketball (nucleus) m the center of a window (target 
area). The number of peas that will collide with the basketball is proportional to its 
cross-sectional area. However, the fraction colliding with the basketball, or the prob¬ 
ability of collision, IS equal to the cross-sectional area of the basketball divided by 
the area of the window. The actual cross-sectional area of a nucleus is obtained from 
its radius r,, which is given by [86] 
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Figure 9-11 Neutron beam striking target area A 


r, = r(v4'"’ (9-36) 

where tq is a constant varying for different nuclei with bn average of 1.4 x lO"'-’’ cm 
and A is the mass number. The average cross-secitcrtal areas of nuclei therefore is 
about 10‘^'‘ cm^. 

The probability of neutrons colliding or interacting with nuclei is proportional to 
an effective, rather than actual, cross-sectional area of the nuclei in question. This is 
called the microscopic cross section, or simply the cross section, of the reaction and 
is given the symbol <t. It varies with the nucleus, type of reaction, and neutron energy. 

In Fig. 9-11 the number of nuclei in volume A Ax is (NA Ax). As the neutron 
beam passes through Ax, some of the neutrons are removed (by absorption or scatter) 
from the beam. The fraction removed is equal to the ratio of effective cross-sectional 
areas of the nuclei, C 7 {NA Ajc), to the total area A. Thus, if at j and x + Ax the beam 
intensities become / and / — AI, respectively, it follows that, in the limit 

-dl g{NA dx) 

- = - ~ (tN dx 

I A 


Integrating 



r 

Jo 


dx 


from which / = (9-37^) 

cr has the units of area. Because nuclei are small, cm^ is too large a unit. Instead, 
the actual cross-sectional area of an average nucleus, 10 cm^, was taken as the unit 
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of the microscopic cross section and given the name barn. Cross-scctionaJ values vary 
from small fractions of a millibarn to several thousand barns. Neutrons have as many 
cross sections as there are reactions. The most important arc the scattering and ab¬ 
sorption cross sections: and (if 

where o-j = microscopic cross section for scattering* 

(T^ = microscopic cross section for absorption = a;- 

Of = microscopic cross section for radiative (nonfission) capture 

oy = microscopic cross section for fission 

Sometimes only a total cross section a, is given, where Of = a, + 0 ^ + any other. 
Cross-sectional energy plots for some nuclei of interest are shown in Figs. 9-12 through 
9-14 [87]. 

The product oN is equal to the total cross sections of all the nuclei present in a 
unit volume. It is called the macroscopic cross section and is given the symbol 1. It 
has the unit of length"*, commonly cm"*. Thus 


b 

II 

(9-38fl) 

and Eq. (9-31 a) can be written in the form 

/ = loe-^ 

(9-37/7) 


Macroscopic cross sections are also designated according to the reaction they 
represent. Thus If = NeXf,!, = No’s, etc. The reciprocal of macroscopic cross section 
for any reaction is the mean free path for that reaction. It has the symbol A, not to 
be confused with the decay constant in radioactivity (Sec. 9-8). 

For an element of atomic mass A, and density p (g/cm^), N (nuclei/cm^) can be 
calculated from 


Avogadro's number 

N = p -5^- (9.39) 


9-12 NEUTRON FLUX AND REACTION RATES 

The number of neutrons crossing a unit area per unit time in one direction is called 
the neutron current and is proportional to the gradient of neutron density. In a reactor 
core, however, the neutrons travel in all directions. If n is the neutron density (neutrons/ 


* Scattering is of two kinds, inelastic and elastic. Inelastic scattering occurs with high-energy neutrons, 
and the reduction in neutron kinetic energy shows up partly as kinetic energy and partly as excitation energy 
of the struck nucleus. Elastic scattering occurs with low-energy neutrons when the neutrons have slowed 
down and no longer possess sufficient energy to excite the nucleus. The struck neutron is not excited, and 
the kinetic-energy loss of the neutron is equal to the kinetic-energy gain of the nucleus 
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cm^) and V the neutron velocity (cm/s), the product nV is the number of neutrons 
crossing a unit area from all directions per unit time and is called the neutron flux 0. 
Thus 


<f> nV (9-40) 

4> has the unit neutrons/(s • cm^), which is often dropped. Because flux involves 
all neutrons at a given point, the reaction rate between neutrons and nuclei is pro¬ 
portional to it. 

Fluxes are dependent upon velocity V, that is, upon energy, but are often quoted 
for broad energy ranges, such as thermal and fast. In a reactor core they vary from 
maximum, usually at the core geometric center, to minimum, near the edges. In thermal 
heterogeneous reactors, where the fuel and moderator are separate, fission neutrons 
are bom in the fuel and thermalized in the moderator. Fast fluxes thus peak above 
average in the fuel, whereas thermal fluxes peak in the moderator (Fig. 9-15). Maximum 
full-power thermal fluxes vary from 10* for small training reactors to as high as 10’^ 
for power and research reactors. 

Now, if a medium containing nuclei of density N is subjected to a neutron flux 
ip, the reaction rate, between the nuclei and the neutrons, is given by 

Reaction rate = nV Na = reactions/(s • cm^) (9-41) 

where a and X are the cross sections of the particular reaction in question (i.e., 
absorption, scatter, etc ). Equation (9-41) simply states that the number of neutrons 
entering a particular reaction (the same as the number of reactions) per unit time and 
volume is proportional to the total distance traveled by all the neutrons in a unit volume 
during a unit time (nV) and to the total number of nuclei per unit volume (AO; cr, the 
probability of the reaction, is the proportionality factor. Since in general N is fixed in 
a medium, the rates of a particular reaction (fixed o) are directly proportional to the 
neutron flux. It will suffice here to state that heat generation by fission at a given point 
in a reactor core is proportional to the neutron flux at that point. A knowledge of the 



Figure 9-15 Neutron-flux distributions in fuel and moderator in a heterogeneous thermal reactor. 
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neutron-flux distribution in a reactor core is therefore necessary for the study of heat 
generation and removal in that core [2]. 


9-13 THE VARIATION OF NEUTRON CROSS SECTIONS WITH 
NEUTRON ENERGY 


a - E„ plots are usually made on log-log coordinates. In many but not all cases, 
scattering cross sections are so small compared with absorption cross sections that the 
total cross sections shown arc very nearly equal to the absorption cross sections. Also, 
for many nuclei, scattering cross sections vary little with neutron energy. 

Variations of absorption cross sections with neutron energy, such as those in Figs. 
9-12 through 9-14, are represented by three regions which, beginning with low neutron 
energies, are (1) the HV region, (2) the resonance region, and (3) Iht fast-neutron 
region. 


1/V region In the low-energy range, the absorption cross sections for many, but not 
all, nuclei are inversely proportional to the square root of the neutron energy E„ 


= 



(9’42a) 


Thus 


O-a = 


c. 


m„(V^I2gc) 




0.5 



(9-42/?) 


where C\ and C 2 are constants, m„ is the neutron mass, and V is the neutron velocity. 

This relationship, known as the I(V law, indicates that the neutron has a higher 
probability of absorption by a nucleus if it is moving at a lower velocity and is thus 
spending a longer time in the vicinity of that nucleus. The 1/V law may also be written 
in the form 



where the subscripts 1 and 2 refer to two different neutron energies within the 1/V 
range. Absorption cross sections for monoenergetic neutrons, within the 1/V region, 
may thus be calculated at any energy from tabulated values at 2200 m/s. 

On the log-log plots of Figs. 9-12 to 9-14, the 1/V region is a straight line with 
a slop)e of —0.5. The upper limit of the 1/V region is different for different nuclei, 
being around 0.3 eV for indium, 0.05 eV for cadmium, 0.2 eV for 150 eV for 
boron, etc. 


Resonance region Following the 1/V region, most neutron absorbers exhibit one or 
more peaks occurring at definite neutron energies, called resonance peaks. They affect 
neutrons in the process of slowing down. Note that indium has but one peak, whereas 
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and have many. Uranium 238 has very high resonance-absorption cross 
sections, with the highest peak, about 4000 bams, occurring at about 7 eV. This fact 
affects the design of thermal reactors because absorbs many of the neutrons 
passing through the region and affects the reactor neutron balance. Many elements, 
especially those of low mass numbers, do not exhibit resonance absorption and thus 
can be used as reactor construction materials, especially if their absorption cross 
sections are low. 

Fast-neutron region Following the resonance region, cross sections usually undergo 
a gradual decrease as neutron energies increase. At very high energies, the sum of 
absorption and scattering cross sections approaches twice the actual cross-sectional 
area of the target nucleus, that is, Iwr^ . Combining with Eq.(9-36) 

(T, = 

Using To = 1.40 X cm and 1 bam = 10'^'^ cm^ 

( 7 , = 0.1254"^" bams (9-43) 

In the very high neutron energy range, therefore, total cross sections are rather 
low, usually less than 5 bams each for the largest nuclei. Some nuclei, such as boron, 
carbon, and beryllium, exhibit some resonance in the high energy range (Fig. 9-12), 
but the peaks are rather low, and the phenomenon is of little importance. 


9-14 FISSION REACTOR TYPES 

With the information on nuclear-fuel cross sections and their variation with neutron 
energies in hand, we are now able to put together a qualitative picture of the effects 
of fuel enrichment on reactor core design and configuration. 

We already know that in fission one neutron is absorbed by the fissioning nucleus 
but between two and three fast fission neutrons are produced. The exact number is 
given the symbol v, given in Table 9-6 for the three fissionable nuclei. 

In order for a reactor using U^^** as fuel to operate at a steady rate, no more than 
1.47 neutrons should be lost to the fission process. Such losses occur in two ways; 
(1) nonfission absorption in reactor-core materials, which include structural materials, 
coolant channel walls, fuel cladding, coolant, moderator, and the fuel material itself; 


Table 9-6 Fuel constants 


Nucleus 

Number of fission neutrons 
per fission, v 

Number of fission neutrons 
per thermal neutron 
absorbed, 17 

U231 

2.51 ± 0.03 

2.28 ± 0.02 

u'” 

2.47 ± 0.03 

2.07 ± 0.02 

Pu'^" 

2.90 ± 0.04 

2.10 ± 0.02 
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and (2) leakage of the core, a function of both core materials and size. More leakage 
occurs if the neutron mean free path in the core macenals is large and if the reactor 
size is small, i.e., its surface-volume ratio is large. For the purpose of discussion, we 
will fix the fractions of neutrons leaking and engaging in nonfission absorption in 
reactor materials other than the fuel itself. The only variables, then, will be nonfission 
and fission absorptions in the fuel. 

The simplest fuel to use in a reactor is natural uranium, composed of about 0.7 
percent about 99.3 percent and a trace of Let us now try to build a 
reactor core from a solid mass of this relatively cheap and plentiful fuel with possible 
small holes for cooling (Fig. 9-16). Let us start with 110 newly bom fast neutrons 
within this fuel and assume that 10 will leak out of the core during their lifetime. The 
remaining 100 neutrons will be subjected only to scatter, radiative capture, and fission 
in the fuel. Because the cross-sectional curves of Figs. 9-13 and 9-14 do not contain 
all reactions, we will use Table 9-7, which contains the average cross sections of the 
above reactions for and natural uranium. 

The average energy of the newly bom fast neutrons is 2 MeV. At this energy the 



Figure 9-16 A homogeneous mass of natural uranium metal with coolant flow channels. 
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Table 9-7 Microscopic cross sections for uranium fuels 


Neutron 

Microscopic 
cross sections, 
barns 

Nucleus 

Natural 

uranium 

U235 

JJ238 

Fast, 1 McV 

O’, 

5.30 

6.6 

6.6 


Oc 

0.093 

0.14 

0.14 



1.20 

0.018 

0.026 

TVimal, 0.0253 eV 

(T, 

6.00 

8.00 

8.00 


(Tc 

112.00 

2.73 

3.47 



577.10 

0 

4.16 


fission cross section of is about 0.53 bam. The majonty of these neutrons, 
however, will possess the most probable energy, just below 1.0 MeV (Fig. 9-9), where 
the fission cross section in natural uranium is so low compared with the scattering 
cross sections that only very few of the 100 original neutrons will engage in fission, 
producing 2.47 neutrons each. This production is so far below the original 100 that, 
alone, it cannot sustain the chain reaction. 

The great majority of the neutrons will then be scattered down to lower energies, 
from the right to the left on the cross-sectional diagrams of Figs. 9-13 and 9-14. They 
first have to cross the resonance-absorption regions. There, the nonfission resonance 
cross sections of the abundant are so great that, despite the increased fission cross 
sections of the neutrons are effectively eliminated and virtually none will reach 
the thermal energy region. 

Now, if a moderator is homogeneously mixed with or dispersed throughout the 
natural-uranium lump, some of the neutrons will be slowed down past the resonance- 
energy region of by the strongly scattering moderator. However, because of the 
presence of throughout the core, a sufficient number of neutrons of resonance- 
energy range are absorbed in that the few neutrons reaching thermal energies will 
be less than 1/2.47 of the original 100 and the new fission neutrons will be less than 
100. This causes the reaction to die down rapidly. 

Thus a sustained (critical) chain reaction is impossible in a mass of natural uranium 
or in a homogeneous mixture of natural uranium and moderator. Actually, it is possible 
to store natural uranium plates in contact with each other to any desired height without 
fear of a critical reaction. 

In order to obtain criticality or steady power, three methods are used: (1) building 
a heterogeneous reactor, (2) enriching the fuel, or (3) both. 

If natural uranium or, in general, low-enriched fuels are to be used, the fuel must 
be subdivided into separate fuel elements in the form of pins, rods, plates, hollow 
cylinders, pellets, spheres, etc. These are placed in the core, with space between them 
filled with a moderator (Fig. 9-17). This is a heterogeneous reactor core. Because the 
fuel elements are relatively thin, a newly bom fission neutron, even near the center 
of the elements, has a good chance of escape before attaining resonance energies 
because of the low fuel-scatter cross sections and the short distance it has to travel to 
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get out of the element—a distance that is short compared with the neutron mean free 
path for scatter in the fuel. Thus this neutron spends the resonance-energy period 
outside the fuel element and escapes resonance capture. Once in the moderator, the 
neutron becomes thermalized in a few collisions. When it reenters the fuel, at thermal 
energies, the probability of fission by far exceeds that of nonfission absorption 
by and and a chain reaction is possible. 

Actually, some resonance absorption is unavoidable, but not enough to adversely 
affect neutron economy. Also some fission of by high-energy neutrons occurs in 
a heterogeneous reactor. Some nonfission absorption by results in the production 
of Pu^^^, a fissionable isotope, a process similar to that which occurs in fast-breeder 
reactors (Sec. 11-2). 

Because neutron economy is difficult to come by with natural uranium, the mod¬ 
erator has to have a very low neutron-absorption cross section. This eliminates ordinary 
water and other hydrogenous materials, such as the organics, as moderators with natural 
uranium because they have relatively high neutron-absorption cross sections and con¬ 
sequently low moderating-to-absorption ratios. All water- and organic-moderated and 
cooled reactors must use fuels slightly enriched in A heterogeneous natural- 
uranium reactor can be built, however, with moderators of low neutron-absorption 
cross sections, such as graphite or heavy water, D 2 O. The latter, called the heavy- 
water reactor (HWR), is the basis of the Candu reactor (Sec. 10-14). 

The second method of attaining criticality is to enrich the fuel by artificially 
increasing the percentage of (or other fissionable material) in it. In this case, the 
effect of is less pronounced. Low-enriched fuels (of the order of a few percent), 
however, still have to be of the heterogeneous type for reasons similar to those given 
for natural uranium. Ordinary water, often incorrectly called light water, may be used 
as a moderator, resulting again in thermal heterogenous reactors. 

Light-water reactors are of two main types: (1) the pressurized-water reactor 
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(PWR) (Sec. 10-6) and (2) the boiling-water reactor (BWR) (Sec. 10-7). Both con¬ 
stitute the largest number of reactors built during the first few decades of nuclear 
power. 

A third thermal-reactor type is the gas-cooled reactor (GCR). The gas coolant is 
either CO 2 , which is a poor moderator despite the presence of C because of its low 
density, or helium, which has no moderating capabilities. A separate solid moderator 
such as graphite. Be, or BeO is used, with graphite the usual choice. There are several 
types of such reactors, including the British Magnox and AGR types [3], the U.S. 
HTGR (Sec. 10-12), and the German THTR (Sec. 10-13). 

Slightly higher enrichments (about 20 percent) allow the thermal homogeneous 
reactors to be built. The fuel is mixed with the moderator either in liquid form, called 
a fluid-fueled reactor, or solid form, such as uranium-zirconium hydride or UO 2 - 
polyethylene mixtures. None of these have been built as power reactors. 

In highly enriched fuels (beyond about 20 percent) the contribution of res¬ 
onance is no longer of prime importance. The contribution of to the fission cross 
sections of the mixture outweighs nonfission-capture effects. In this case, no 
moderator is necessary, and we may have a fast reactor, i.e., one relying primarily 
on high-energy (fast) neutrons for fission. Fast reactors can be homogeneous but are 
usually heterogeneous. 

The fission energy generated in the fuel in all reactor types must be removed by 
a coolant, which leaves the reactor at a higher temperature than when it entered it. 
The rate of heat removal must be such that the fuel operates within safe temperature 
or boiling limits [2J. The energy carried out by the coolant is used in a thermodynamic 
cycle to generate electricity. It is fortunate that in most thermal reactors the coolant, 
ordinary or heavy water, can double as a moderator. Gas-cooled thermal reactors use 
either CO 2 or He for cooling and need a separate moderator. Fast reactors use no 
moderator and need a coolant that does not moderate the neutrons and that has a high 
heat-transfer coefficient because of the large power densities in fast-reactor cores. 
Liquid metals, particularly molten sodium (Na) are the most common. Such reactors 
are called liquid-metal fast-breeder reactors (LMFBR) (Secs. 11-3 to 11-5). Gases, 
particularly helium, have also been considered as fast-reactor coolants. Such reactors 
are called gas-cooled fast reactors (GCFR) (Sec. 11-6). 

Table 9-8 contains the most common fission-power reactor types in use com¬ 
mercially, or under serious development, in the world today. 


Table 9-8 The most-common hssion-power reactor types 


Neutron 

energy 

Reactor 

type 

Coolant 

Moderator 

Fuel, 

enrichment 

Examples 

Thermal 

PWR 

H 2 O 

H 2 O 

UO 2 , low 

Sec. 10-2 


BWR 

H 2 O 

H 2 O 

UO 2 , low 

Sec. 10-7 


GCR 

CO 2 . He 

Graphite 

UC, low 

Sec. 10-11 


HWR 

D 2 O 

D 2 O 

UO 2 , natural 

Sec. 10-14 

Fast 

LMFBR 

Na 

None 

Pu-'^O. -f U-’«02 

Sec. 11-3 to 11-5 


GCFR 

He 

None 

Pu’"*02 -f U'^“02 

Sec. 11 -6 
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9-15 REACTOR CONTROL 

There are several methods to control a nuclear reactor, i.e., to start, increase, decrease, 
and turn off its power. The most common method is the use of control rods. These 
rods may be shaped like the fuel rods themselves and are interspersed throughout the 
core (Fig. 9-17). Instead of containing fuel, they contain a neutron absorber, also 
called poison, such as boron, cadmium, or indium. They have high neutron-absorption 
cross sections (Fig. 9-12) and do not contribute to neutron multiplication. 

Such control rods are designed with sufficient absorber to change the neutron 
balance in the core so that less than one neutron is left for fission for each neutron 
engaging in fission, a situation that would lead to a power decrease and eventual 
shutdown. The control rods are operated by control-rod drives that can move them in 
and out of the core around a power equilibrium position which is usually a partially 
inserted p>osition. The rods are moved out to increase power at a prescribed safe rate 
or are moved in to decrease power. In either case, when the required power is attained 
the rods are returned to the equilibrium position. 

The rods can also be used to adjust power levels selectively within the core to 
help even out the radial power distribution. Fuel zoning, i.e., the use of variable fuel 
enrichment within the core (usually three roughly concentric zones are used) is also 
used to attain the same purpose. 

Control rods can be suddenly and completely inserted in the core to shut it down 
in case of an emergency. Such an operation is called a scram. It can be done auto¬ 
matically or manually by a visible colored button on the reactor console in the control 
room. A number of rods may be built into the system which are usually fully withdrawn 
from the core during normal operation and which have the sole function of shutdown 
by becoming fully inserted upon demand. 

The equilibrium position varies with the life of the core. As more fuel is depleted, 
i.e., is fissioned with time, fewer neutrons are produced and more neutrons are absorbed 
in nonfission reactions. The rods are then slowly moved to less-inserted positions to 
compensate for this loss of neutrons and to keep the core in equilibrium. 

The rods are said to possess a reactivity worth that should be adequate to cover 
operational control during the life of the core, fuel depletion, safety shutdown, and 
such other effects as Doppler, samarium, and xenon poisoning [2]. 

Another method of control in pressurized-water reactors (Sec. 10-5), called chem¬ 
ical shim, is used in addition to, not in lieu of, control rods. Chemical shim is the 
use of a soluble absorber, usually boric acid, in the moderator coolant. The con¬ 
centration of this absorber in the moderator coolant is decreased slowly during the 
core lifetime to overcome the effect of fuel depletion. The concentrations are sufficient 
to permit operating the core almost unrodded, i.e., with all control rods nearly fully 
withdrawn. 

It should be mentioned here that boiling-water reactors do not use chemical shim, 
and that the core of a BWR can be in equilibrium at several positions of the control 
rods because of the strong effect of the steam voids on reactivity (Sec. 10-8). 

Another control system is the use of reflectors. These arc mechanically operated 
devices, situated just outside the core, that contain material that reflects some of the 
neutrons escaping the core back into it. The reflectors are swung away or toward or 
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are axially moved with respect to the core to increase or decrease power. This method 
is used only for small-power reactors and in special cases, such as the SNAP lOA 
reactor which was operated in space [3]. 

Another method of control of lesser use yet is the use of some movable fuel rods. 
These are withdrawn from the core to decrease power and inserted to increase it, the 
opposite of the poison control rods. 

PROBLEMS 

9-1 Einstein’s law (Eq. 9-1) applies to all processes; physical, chemical, and nuclear. Find the percent 
chaige in mass for the following physical and chemical processes: (a) when copper is heated from 100 to 
1000°C, if the specific heat of copper is taken as 0.40 kJ/kgK, and (b) when carbon and oxygen bum to 
carbon dioxide, releasing 30,435 kJ/kg of carbon. 

9-2 Find the percent change in mass for the following nuclear process; (a) when radioactive polonium-210 
undergoes alpha decay for 365 days. has a half-life of 138.4 d and an atomic mass of 209.9829 amu. 
The products Pb^^ and He^ have atomic masses of 205 9745 and 4.00260 amu, respectively. 

9-3 Find the percent change in mass for the following nuclear processes (a) when uranium-235 undergoes 
complete fission, and (b) when hydrogen-1 undergoes complete fusion. 

9-4 A nuclear reactor powerplant operated continually for one year producing 500 MW. The powerplant 
efficiency is 33 percent. The reactor contained 75 metric tons of 3 percent enriched uranium dioxide fuel. 
Calculate (a) the mass of U”’' consumed in kilograms, and (b) the fuel bumup, in MWd/T. 

9-5 Write the complete decay reactions and calculate the energy generated, in million electron volts and 
joules per reaction of the following radioisotopes: (a) Po^", an alpha emitter, (b) Zr”, a beta emitter, (c) 
P-^, a position emitter, (d) Cu^, in a K-capture reaction, and (e) Kr*^, a neutron emitter. The necessary 
atomic masses in amu are; Si^ = 29.97376, P’^ = 29.97863, Ni^ = 63.9280, Cu^ = 63.9288, Kr^ 
= 85.9109, = 86.9136, Zr’’ = 94.9072, Nb'"'' = 94.9060, Pb^^ = 206,9759, andPo^*' = 210.9866. 

9-6 Rutherford once postulated that when the earth was formed, it contained an equal number of atoms of 
and From this he was able to determine the age of the earth. His answer was not far from that 
obtained by astronomical investigations. What is the Rutherford age of the earth? 

9-7 Radioactivity exists almost everywhere, even inside our own bodies. The human body contains about 
0.35 percent by mass of natural potassium, which contains 0.0118 atomic percent of radioactive potassium- 
40. has an atomic mass of 39.9740 amu and a half-life of 1.28 x 10’ years. Calculate the radioactivity, 
microcuries, in a 175-lb,„ person. 

9-8 When pure ordinary water is passed through a reactor core as a coolant-moderator, it becomes slightly 
radioactive. The most important of the radioactivities is due to the absorption of a neutron by an oxygen- 
16 nucleus. This absorption reaction results in a proton and a radioactive nucleus that has a 7.2-s half-life, 
as products, (a) Identify the nucleus, and (b) calculate the percent radioactivity left in the water 28.8 s after 
the above reactions. 

9-9 Carbon daiing is used to determine the age of materials of organic origin. The process involves the 
determination of the amount of radiocarbon (carbon-14) in them. When a nitrogen-14 nucleus in the 
atmosphere is bombarded by slow neutrons emitted in cosmic radiation, they result in carbon-14 and a 
proton. Carbon-14, like ordinary carbon-12, converts to C'^32, which constitutes O.I percent of all CO 2 
in the atmosphere. Both are absorbed by living organisms. When absorption ceases due to the death of the 
organisms, the fraction of carbon-14 begins to decrease by radioactive decay. Estimate the age of an old 
manusenpt if the amount of carbon 14 was determined by analysis to be 0.030 percent of all carbon in it. 
9-10 Tritium decays by emitting low-energy P particles. This radiation acts on a phosphor producing 
illumination. Illuminators can thus be made by adding tritium to a phosphor in the form of paint which are 
sealed in a plastic container that is transparent to illumination but that blocks the p particles so that no 
hazard is encountered. The illuminators are used for such devices as locks, timepieces, aircraft safety 
markers, exit signs, etc. Regulations limit Che amount of original radioactivity in such devices, depending 
upon service. Assuming that 4 mci are permitted for an aircraft safety device, calculate (a) the maximum 
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mass of tritium that can be used, in grams, and (b) the percent decrease in luminosity (which is (Hoportjonal 
to radioactivity) after 10 years of service. 

9-11 Promethium-147 is another 3 emitter that is used in the manufacture of illuminators when combined 
with a phosphor. (It has a half-life of 2 5 years. It produces more luminosity than tritium at a lower cost.) 
Calculate (a) the activity, in millicuries, of 1 x 10^ g of and (b) the percent decrease in illumination 
(proportional to the radioactivity) after I year of operation 

9-12 In fast-breeder reactors, plutonium-239 is the primary fuel. A relatively stationary Pu^^’ nucleus 
(atomic mass 239.0522 amu) is fissioned by a 1.0-million electron volts neutron resulting in two fission 
fragments; kryplon-93 and cerium-144. Kr’^ undergoes five stages of ft decay and Ce‘^ two stages of ft 
decay, both to stable products which have atomic masses of 92.060 and 143.9099 amu. (a) Identify all the 
fission products, and (b) calculate the total energy produced in million electron volts per Pu^^ nucleus, and 
kilowatt-hours per gram of Pu^”. 

9-13 When a spent fuel rod is removed from a reactor core, it is stored in an on-site storage pool of water 
so that the most intense, short-lived radioactive fission products decay, and the rod is safe for further 
handling and possible shipment to a reprocessing plant. Consider for simplicity only the radioisotope xenon- 
133 which ft decays into a stable isotope with a half-life of 5.27 days If a 30-kg fuel rod contains 0.1 
percent by mass of Xe'^^ when removed from the core, what is the minimum time it should be stored in 
the pool so that the activity may not exceed 3(X) mci? 

9-14 Boron-10 is used in reactor cores as a control-rod material. Natural boron has an atomic mass of 
10.8110 a density of 2.3 g/cm^ and contains 19.78 atomic percent of B'° which has an atomic mass of 
10.01294 amu and a microscopic absorption cross section for 2200 m/s thermal neutrons of 3837 bam. 
Calculate the number of such neutrons absorbed per second by a l-kg piece of natural boron. 

9-15 Consider that 1 kg of pure ordinary water is subjected to an instantaneous thermal neutron pulse of 
10'° per centimeters squared. Calculate (o) the radioactivity, in millicuries, generated immediately after the 
pulse in which oxygen-16 is converted to radioactive nitrogen-16 which has a half-life of 7.2 s, and (b) 
the radioactivity, in millicuries, one hour after the event. Ordinary water has a molecular mass of 18.01534 
amu. O'^ constitutes 99.759 atomic percent of all oxygen in ordinary water and has a microscopic cross 
section for thermal neutrons of 0.(X)0178 bam. 

9-16 The earth rotates around the sun with a mean radius of 149.5 x 10* km. The solar energy flux as 
measured just outside the earth’s atmosphere (called the solar constant 5, Sec. 13-3) is 1.353 kW/m^. The 
reactions in the sun are of the hydrogen-1 fusion type, Eq. 9-14. Estimate (a) the total power generated by 
the sun, in megawatts, (b) the energy per fusion reaction, in million electron volts and joules, and (r) the 
mass of hydrogen-1 burned, in the sun in metric tons per day. 

9-17 SNAPS (systems for nuclear auxiliary power) are devices that generate electric power directly from 
the heat generated by radioisotopic "fuels,” in which case they arc given odd numbers; or by hssion nuclear 
reactors, in which case they are given even numbers. Direct generation is usually accomplished by ther¬ 
moelectric energy conversion. An example is the Apollo lunar surface experiment package (ALSEP), called 
SNAP-27, which was placed on the lunar surface by the Apollo astronauts during their lunar landings in 
the late 1960s and early 1970s. SNAP-27 used plutonium-238 as "fuel” in the form of plutonium carbide 
PuC. Pu^^ is an alpha emitter with an 86-ycar half-life. Assuming that the fuel deployed has a mass of 1 
kg and that the efficiency of the thermoelectric conversion device is 8 percent, calculate {a) the power 
generated upon deployment, in watts, and (b) the pwwer generated 5 years later. Atomic masses in amu: 
Pu^“ = 238.0495, = 234.0409, C = 12.0112. Density of PuC = 12.5 g/cm^ 

9-18 Calculate the power generated per unit volume in million electron volts per cubic centimeter, Btus 
per hour per cubic foot, and-kilowatts per meter squared of a 3.5 percent enriched uranium dioxide fuel 
clement in a thcnnal reactor if the effective fission cross section is 350 bams and the neutron flux is 10‘^ 
The density of UO 2 is 10.5 g/cm^ 

9-19 A 12-fl-high fuel element has a 3.5 percent enriched uranium dioxide fuel with a U”’ density df 8.3 
X 10“ nuclci/cm^ The fuel clement diameter is 0.9 cm. The neutron flux in the fuel has a maximum vakie 
at the center plane of the element 4 = 10'*. It varies in the axial direction sinusoidally according to 
(z) = ibcTTzlH, where z is the axial disunce from the center plane and H is the height of the elomcDt The 
effective fission cross section is 350 bam. Calculate the power generated by the fuel element, in kilowatts, 
and the average linear power, in kilowatts per foot. 
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9-20 A reactor core contains 43,120 vertical fuel elements of the type described in Prob. 9-19. The cewe 
may, for simplicity, be considered cylindrical with a diameter of 14 ft. The element in Prob. 9-19 is situated 
in the center of the core. The neutron flux varies radially according to (r) = Jo (2.4048 r/R) where 
is the Bessel function of the first kind, zero order, r is the radius measured from the core center line, and 
R is the radius of the core. Consider an approximation where each fuel element generates power evenly 
over an area irR^/n, where n is the number of fuel elements. Calculate the total power generated by the 

R 

core in megawatts. Note: J r Jq (2.4048 r/R) = (/?/2.4048) [r J\ (2.4048 r//?)]^, where is the Bessel 
function of the first kind, first order, and J\ (0) = 0 and J\ (2.4048) = 0.519. 

9-21 The neutron fission cross for uranium-235 for 2200 m/s neutrons is 577.1 bam. A uranium dioxide 
fuel pellet 0.9 cm diameter and 1.5 cm high is subjected to a monenergetic neutron flux of 10'*, which 
was thermalized to a temperature of 260°C. The density in the pellet is 8.3 x 10^^ nuclei/cm’. The 
cross sections are within the MV range. (The energy of neutrons, like that of a perfect gas is given by kT, 
where k is the Boltzmann constant and T the absolute temperature.) Calculate the power generated by the 
pellet, in kilowatts. 

9-22 Lithium is considered for use as a blanket material surrounding fusion reactors of the D-T type. It 
would receive high-energy neutrons from the D-T reaction, moderates (slows them down), absorbs them, 
and converts their kinetic energy to heat. That heat is then to be used in a thermodynamic cycle for power 
generation. Lithium also acts as a breeder of tritium for use with new deuterium fuel to keep the reactor 
going. Naturally occumng lithium is composed of 7.42 percent Li* and 92.58 Li^. Upon neutron absorption 
each produces one helium nucleus and one tritium nucleus, (a) Write the complete nuclear equation for 
each, (h) Calculate the energy of each reaction, in million electron volts, stating whether exothermic or 
endothermic, (c) What needs to be done to naturally occurring lithium to make it a net energy generator 
assuming, for simplicity, that both reactions are equally probable. Atomic masses in amu; Li* = 6.01512, 
Lf = 7.01600, H-' = 3.01605. 
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10-1 INTRODUCTION 

Nuclear fission was first discovered in Germany by Otto Hahn and Fritz Strassmann 
in 1938. Since then, great strides have led to its utilization in first, unfortunately, 
destructive uses, then in peaceful uses for meeting the increasing demand for abundant 
and reliable electric power. The time span between discovery and utilization was 
dizzyingly short when compared with other technologies. Because of the pace of 
development and the still lingering destructive specter, public acceptance problems 
have arisen. 

As with all complex technologies, the first generation of nuclear-fission power- 
plants needed improvements in design, construction, and operation. The present efforts 
now are concentrating on improving the design, safety, and operation ol proven sys¬ 
tems, such as, the pressurized-water, boiling-water, and gas-cooled thennal reactors, 
and on building demonstration plants of the fast-breeder reactor. 

The Hahn and Strassmann experiments that led to the discovery of fission came 
about, as with many great scientific discoveries, almost by accident, It showed that 
uranium was split, or fissioned, into smaller elements. This was the opposite of what 
was expected, namely the formation of larger and heavier elements than uranium, the 
now called transuranium elements. Within a few short weeks, worldwide interpreta¬ 
tions led to significant and far-reaching effects on the technological, economic, and 
political future of the world. 

Ten days after publication of the Hahn and Strassmann experiments, on 16 January 
1939, Lise Meitner and Otto Robert Frisch published notes in Nature in which they 
made theoretical interpretations of these experiments. On 7 April 1939, Frederic Joliet, 
Hans von Halban, and Lew Kowarski published the paper “Liberation of Neutrons in 
the Nuclear Explosion of Uranium," which dealt with the possibility of a nuclear chain 
reaction. 
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Earlier, in 1905, Albert Einstein, then a young physicist and an assistant at the 
patent office in Bern, published in the German journal Annals of Physics a 2i-page 
supplement to his theory of relativity entitled “Is the Inertia of a Body Dependent on 
Its Energy Content?” In it, Einstein arrived at his famous theory of the convertability 
of mass m and energy £, expressed as 

E = mc^ 

where c is the velocity of light (300,000 km/s). Einstein himself calculated that if 
mass is reduced by 1 g, an amount of energy equal to 9 x 10^® ergs is produced. He 
wrote at the time: 


The mass of a body is a measure of its energy content. If the energy is changed, then the mass will 
change in the same way. 

At a later date, he wrote; 

Is it not impossible that substances whose energy content can be varied to a high degree (for example, 
the radium salts) will make it possible to test the theory? If the theory is in accordance with the facts, 
then radiation transmits inertia between the emitting and the absorbing body. 

On 2 August 1939, Einstein, then living in the United States, wrote a historic 
letter to President Franklin D. Roosevelt that drew attention to the possibility of an 
atomic bomb and, considering the possibility of a German lead, urgently advised the 
president to make preparations for the production of nuclear weapons in the United 
States. This dramatic event was made possible by Hahn and Strassmann’s discovery, 
the final necessary link in a chain of scientific discoveries that made the whole thing 
feasible. 

Unfortunately, then, the first use of fission was for destructive purposes, a birth 
from which the nuclear industry continues to suffer today. However, for the sake of 
completeness, a word on weaponry is appropriate. The first fission bomb exploded at 
Hiroshima, Japan, had a uranium content of approximately 50 kg, and had the equiv¬ 
alent destructive pxjwer of 20,(XX) tons of trinitrotoluene (TNT). Of the 50-kg content, 
only 1 kg actually fissioned, and of that only 1 g of mass was converted to energy 
and disappeared. The second bomb, which exploded at Nagasaki, Japan, used plu¬ 
tonium as fuel. The largest known nuclear explosion was detonated by the USSR in 
1961. It was a hydrogen bomb (fission plus fusion) and had the equivalent destructive 
power of 60 million tons of TNT. In all such explosions considerable amounts of 
fission products arc formed, thus producing large amounts of lethal radioactive radia¬ 
tions as a by-product. Although this may have been “desirable” from a military stand¬ 
point, it is definitely unacceptable for peaceful, commercial uses of nuclear energy. 
Such radiations must be minimized and contained. 

The first known thoughts regarding harnessing the tremendous explosive powers 
of fission for the production of energy were voiced by a 38-year-old German nuclear 
physicist named Werner Heisenberg (who had previously received a Nobel Prize at 
age 31) in a 1939 paper entitled “The Possibility of Large-Scale Energy Production 
Using Uranium Fission.” In it, he wrote; 
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The data available at present indicate that the uranium fission processes discovered by Hahn and 
Strassmann can also be used for large-scale energy production. The most reliable method for developing 
a suitable machine is the ennchmeni of the uranium-235 isotope. The greater the degree of enrichment, 
the smaller the size of the machine needed. T3»e enrichment of uranium-235 is the only method that 
allows the volume of the machine to stay small, that is about 1 cubic metre. Moreover, it is the only 
method of producing explosive substances that exceed by several decimal powers the explosive force 
of the strongest explosive known to date. It is, however, also possible to use normal uranium without 
urinHjm-235 enrichment, if the uranium is combined with another substance that slows down the 
neutrons of the uranium without absorbing them. Water is not suitable for this purpose, but present 
data indicate that heavy water and very pure carbon fulfill this purpose. 


In a February 1940 paper, Heisenberg described the construction and operation of a 
nuclear “reactor.” The theoretical concepts presented in that paper do not differ greatly 
from those currently used in present-day reactors. 

Practical work on peaceful energy production required the use of enriched fuel. 
The enrichment process posed almost insurmountable difficulties. Several methods 
were considered, including the ultracentrifuge, the diffusion process, and others. In 
Germany the ultracentrifuge process was pursued but did not meet with much success, 
and the use of natural uranium and heavy water to produce plutonium was pursued. 
Only small amounts of heavy water were available. The large amounts needed were 
sought from Norsk Hydro, the Norwegian hydroelectric utility located in Vcimork 
near Rjukan in southern Norway. This company was engaged in the production of 
ordinary hydrogen for ammonia synthesis, and heavy water was produced as a waste 
product. The plant was destroyed in a daring raid by allied forces. 

In the United States, huge diffusion installations erected at considerable cost 
succeeded in separating the chemically identical, but nuclearly different, uranium 
isotopes. Also a team lead by Enrico Fermi worked with great intensity on a natural 
uranium reactor moderated by graphite instead of heavy water, a process tried by the 
Germans but not pursued further by them because their graphite was not pure enough 
and absorbed too many neutrons. The Germans slowed down in any case because of 
the indifference of the Third Reich. The United States, on the other hand, gave high 
pHiority to nuclear research. It was interested in both uranium-235, as fuel for both 
peaceful and military purposes, and phitonium, a transuranium element discovered in 
1940 by Edwin McMillan and Glenn Seaborg (a discovery that earned them both a 
Nobel Prize in 1951). 

On 2 December 1942, a coded message was sent to Washington. It read “The 
Italian sailor has arrived in the new world.” This signalled that the world s first nucleai 
reactor went critical. It was situated under the stands of the University of Chicago 
football stadium. The “Italian sailor” referred to was Enrico Fermi, who had come to 
the new world only on 2 January 1937. That reactor, called the Chicago Pile-1 (CPI), 
was 9 m wide, 9.5 m long, and 6 m high. It contained about 52 tons of natural uranium 
and about 1350 tons of graphite. Cadmium rods were used as control devices. The 
experiment produced an output of 0.5 W and lasted only a few minutes. However, it 
was definite proof that a continuous chain reaction was possible, a feat that had eluded 
scientists previously. The Fermi chain reaction was the event that signalled the dawn 
of the nuclear age. 
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Parallel efforts of isotope separation at Oak Ridge, large plutonium production 
reactors at Hanford, and research at Los Alamos (a town constructed for atomic research 
in 1943 with people like Niels Bohr, James Chadwick, Enrico Fermi, Hans Bethc, 
and J. Robert Oppenheimer as the leader) paved the way to making the United States 
the leading atomic power at the time. 

Many events took place after this, including the construction of hydrogen weapons 
by both the United States and the USSR. But the event of most concern to us here is 
the famous and dramatic Atoms for Peace address by President Dwight Eisenhower 
to the United Nations General Assembly on 8 December 1953. In part, he said: 


The United Slates knows that peaceful power from atomic energy i.s no dream of the future Thai 
capability, already proved, is here now—today. Who can doubt, if the entire body of the world’s 
scientists and engineers had adequate amounts of fissioruibie matenal with which to test and develop 
their ideas, that this capability would rapidly be transformed into universal, efficient and economic 
usage? 

To hasten the day when fear of the atom will begin to disappear from the minds of people and 
the governments of the East and West, there are certain steps that can be taken now . , without 
irritations and mutual suspicions incident to any attempt to .set up a completely acceptable .system of 
a worldwide inspection and control. The atomic energy agency could be made responsible for the 
impounding, storage and protection of the contributed fissionable and other materials. 

The more important responsibility of this atomic energy agency would be to devise method.s 
whereby this fissionable matenal would be allcKated to serve the peaceful pursuits of mankind Expen.s 
would be mobilized to apply atomic energy to the needs of agriculture, medicine and other peaceful 
activities. A special purpose would be to provide abundant electrical energy in the power-starved areas 
of the world. Thus, the contributing powers would be dedicating some of their strength to serve the 
needs rather than the fears of mankind. 

TTie first reactor to produce electricity was a small 5-MW unit built near Moscow, 
USSR. But perhaps the most significant contribution to commercial nuclear power 
was the development of the nuclear submarine. The U.S.S. Nautilus, launched in 1954, 
signaled the age of controlled nuclear power. Another milestone was the commissioning 
of the world’s first full-scale powerplant at CaJder Hall, England, a I80-MW{e) gas- 
cooled, graphite-moderated, naturaJ-metaIJic-uranium-fueled reactor that can be con¬ 
sidered the true descendent of the Fermi pile. 

In the United States, and then most of the world, development proceeded with 
water-cooied-and-moderated reactors that use slightly enriched fuel. The first plant 
had a 60-MW(e) pressurized-water reactor (PWR) that began operation in 1956 in 
Shippingport, Penn. It was followed by a 184-MW(e) boiling-water-reactor (BWR) 
plant that began operation in 1960 in Dresden, Ill. Capacities reached 500 MW(e) 
with the San Onofre, Calif., PWR in 1968 and the Oyster Creek BWR in 1969 and 
inched upward to the present 1000 to 1250 MW(e) in several plants around the world. 

In the previous chapter we learned that there are two kinds of fission reactors, 
thermal and fast. Thermal-reactor powerplants, i.e., those using thermal reactors as a 
heat source, will be discussed in this chapter. Fast-breeder-reactor powerplants will 
be discussed in the next. Thermal reactors are those in which fission is primarily caused 
by thermal neutrons. They, therefore, need a moderator to thermalize the neutrons as 
well as a coolant to remove the heat generated by the fission process. The moderator 
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and coolant can be one and the same, such as light water or heavy water, or different, 
such as a graphite moderator and a gas coolant such as helium or carbon dioxide. 

Although there have been many concepts for thermal reactors, we will limit our 
discussion in this chapter to four powerplant types that have been built commercially. 
These are 

1 Pressurized-water-reactor (PWR) powerplants 
2. Boiling-water-reactor (BWR) powerplants 
3 Gas-cooled-reactor (GCR) powerplants 
4. Heavy-water-reactor (PHWR) powerplants 

There are 511 thermal reactor powerplants that are operable, under construction, 
or on order in the world as of early 1983. Of these there are 284 PWRs, 132 BWRs, 
53 GCRs, and 39 PHWRs; the rest not yet decided. They represent about 391,600 
MW of power. In addition, there are 7 fast-breeder reactor powerplants representing 
about 3280 MW. In the United States the number is 144 thermal and one fast breeder, 
representing about 135,000 MW (88). In 1982 the United States had 76 operating 
plants that generated 280 billion kWh, about one eighth of the country’s consumption. 

10-2 THE PRESSURIZED-WATER REACTOR (PWR) 

In a PWR, the coolant pressure is higher than the saturation pressure corresponding 
to the maximum coolant temperature in the reactor, so that no coolant boiling takes 
place. A PWR powerplant is composed of two loops in series, the coolant loop, called 
the primary' loop, and the water-steam or working-fluid loop (Fig. 10-1), the coolant 
picks up reactor heat and transfers it to the working fluid in the steam generator. The 
steam is then used in a Rankme-type cycle to generate electricity. 


Reactor 



Condenser 


Figure 10-1 Schemaiic arrangement of a PWR powerplant 
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Figure 10-2 PWR reactor vessel and internals. fCourtfry Weuinghoyat Ele<;iric Corporation ) 

A lypicaJ PWR reactor is shown in Fig. 10-2. The reactor core contains a total 
of 121 fuel assemblies of which 33 contain control-rod clusters (Fig. 10-3). The core, 
unlike in a BWR, is of the open type, i.e., the fuel assemblies arc not enclosed in 
individual channels. The fuel elements are Zircaloy-clad rods, 0.422 in OD, containing 
UO 2 pellets, each 0.3669 in in diameter and 0.600 in long. The cladding tube is sealed 
at both ends by a plug welded to it. Sufficient void is left at the top to accommodate 
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Typical control-rod cluster fuel assembly (Cour.erv Wertmgtouie EIrCric Corpcration.) 
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both gaseous fission products and fuel thermal expansion. A compression spring is 
placed within the void between the top plug and the top fuel pellet to prevent shifting 
of the fuel during shipment. 

All fuel subassemblies are about 13.5 ft long with a 12-ft active fuel length, 
composed of a 14 x 14 array of fuel rods, and located on a square pitch. Each 
subassembly is supported axially by seven Inconel spring clip grids and bottom and 
top nozzles (Fig. 10-4). Five of the grids are mixing grids that help intermix coolant 
within the core and thus reduce temperature gradients. Each fuel rod is supported in 
two perpendicular directions by spring clips whose forces (11 to 14 lb/) are opposed 
by two rigid dimples. This provides rigid support, reduces flow-induced vibrations of 
the fuel rods, and allows the rods to expand axially. 

Tlie fuel is loaded in three approximately equal-volume concentric regions in the 
core of 40, 40, and 41 fuel subassemblies (Fig. 10-5), with first-core fuel enrichment 
of 3.40, 3.03, and 2.27 percent in the outer, intermediate, and inner regions, respec¬ 
tively. Refueling takes place according to an inward loading schedule. 

Each control-rod cluster is composed of 16 control rods that are inserted directly 
into 16 guide thimbles welded to the grids and top and bottom nozzles of the fuel 
subassemblies (Fig. 10-3). The control elements are fabricated of a silver (80 percent)- 
indium (15 percent)-cadmium (5 percent) alloy and are clad in stainless steel. Control- 
rod drives are of the magnetic-latch type. The latches are controlled by three magnetic 
coils that release the clusters upon loss of power, thus making them fall into the core 
by gravity to shut the reactor down. Some control-rod clusters, called the control 
group, are used to compensate for reactivity changes caused by variations in reactor 
operating conditions such as power or temperature. The rest of the control-rod clusters, 
called the shutdown group, are used to shut down the reactor in an emergency. 



Figure 1(M Fuel element spring clip grid 
detail. (Courtesy Westinghouse Electric 
Corporation.) 
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Figure 10-5 Typical PWR reactor 
cross section at the core. 


The core is surrounded by a form-fitting baffle (Fig. 10-5) that restricts the bulk 
of upward coolant flow to the fuel. The baffle is in turn surrounded by the core barrel. 
A small amount of coolant is allowed to flow between baffle and barrel. The coolant 
is diffused uniformly into the core by a perforated flow-mixture plate situated between 
the core support plate and the lower core plate. A thermal shield, supported by the 
core barrel, is provided to intercept core radiations and protect the pressure vessel. 

The primary coolant enters the reactor ves.sel at about 552°F (289°C) via a number 
of inlet nozzles (two for 500 MW, four for 1000 MW and larger, three for intermediate) 
and flows downward through the annulus between the core barrel and reactor vessel 
wall (Fig. 10-5), thus cooling the thermal shield on both sides. It then enters a plenum 
at the bottom of the vessel, reverses direction, goes upward through the core where 
it picks up fission heat, and leaves through an equal number of exit nozzles at a^ut 
605°F (318°C) The maximum coolant temperature at the exit of the center fue as¬ 
semblies is about 650°F (343T). The reactor coolant pressure is 2235 psig (155 bar), 
greater than the saturation pressure at 650°F. 
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10-3 THE PWR PRIMARY LOOP 

The primary loop, also called the nuclear steam supply system (NSSS), consists of 
the reactor and a number of loops, depending upon reactor power, operating in parallel 
(Fig. 10-6). Each loop consists of a steam generator and a primary or main coolant 
pump. In addition, there is one pressurizer (Sec. 10-4) connected to one of the loops. 

The coolant leaving the reactor enters the steam generators where it imparts its 
heat to the working fluid and leaves the steam generators to the main pumps where it 
is pumped back to the reactor. The steam generators can be of two common designs, 
shell-and-tube, with U-tube bundles (Fig. 10-7) or once-through (Fig. 10-8). 

In the U-tube steam generator, the more common of the two, the hot coolant 
enters an inlet channel head at the bottom, flows through the U tubes, and reverses 
direction to an outlet at the bottom. The inlet and outlet channels are separated by a 
partition. The tubes are made of Inconel. 

A typical U-tube steam generator has a capacity of over 250,000 kW, is about 
67 ft high and 14 ft in diameter, and weighs about 330 tons. On the shell side, it 
consists of an evaporator section and an upper separator section. The working fluid 


Pressurizer 



Figure 10-6 PWR nuclear sieam supply system (NSSS). 






Flgur, 10-7 U-.ube PWR steam generator (Courfesy Wesnn,House Elecru Corpora., on.> 
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Figure 10-8 Once-through PWR steam generator. (Courtesy Babcock and Wilcox Company.) 


(feedwater) enters the generator through the feedwater inlet nozzle above the U-tube 
bundle and mixes with water that is recirculated from the moisture separators located 
near the top of the generator. The mixture then flows downward to the bottom of the 
shell via an annular downcomer between the lower shell and the tube bundle wrapper. 
It then flows upward by natural circulation through the tube bundle, where it partially 
boils into a steam-water mixture. The natural circulation driving force is caused by 
the density difference between the water in the downcomer and the two-phase mixture 
in the evaporator section. 
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The steam-water mixture is separated in the upper shell, first by swirl vane sep¬ 
arators and finally by vane-type separators. Dry saturated steam discharges through 
the steam outlet nozzle at the top. The saturated water leaves the separators and mixes 
with feedwater before entering the downcomer. 

Because boiling occurs in the same compartment with water, this type of steam 
generator can produce only saturated steam (or steam with very low moisture, about 
i percent). 

In the once-through steam generator (Fig. 10-8), the primary coolant enters at 
top, flows downward through the tubes, and exits at bottom to the main pumps. 
Feedwater is on the shell side moving in a general counterflow fashion to the primary 
water. Because of the once-through feature of this type, a dry or a low degree of 
superheat steam is possible and no separators are required. 

Although the once-through generator results in somewhat better turbine efficiency, 
it has the disadvantage of containing a low water volume and, therefore, a reduced 
reserve in case of a reactor accident. 

Steam is usually produced at about 1020 psia (70.3 bar). The main pumps are 
large vertical single-stage centrifugal shaft-seal pumps designed to handle large vol¬ 
umes of water at high pressure and temperature. 


10 4 THE PRESSURIZER 

It has been shown that, in PWR primary loops, the coolant is maintained at a pressure 
(around 2250 psia, 155 bar) greater than the saturation pressure corresponding to the 
maximum coolant temperature in the reactor. This avoids bulk boiling of the coolant 
and keeps it in the liquid phase throughout the loop. Because liquids are practically 
incompressible, small changes of volume—caused by changes in coolant temperatures 
becaues of normal load changes or accidental nuclear reactivity insertions or caused 
by unforeseen expansions or contractions in the loop components—cause severe or 
oscillatory pressure changes These may be quite unsafe when they are positive, that 
is, when the pressures increase. They cause flashing into steam and consequent dis¬ 
ruption of the reactor nuclear characteristics and possible burnout of reactor fuel 
elements. They cause cavitation when they are negative, that is when the pressures 
decrease. For these reasons, it is necessary to provide a surge chamber that will 
accommodate coolant volume changes while maintaining pressure within acceptable 
limits. Such a chamber is called a pressurizer. There are two types of pressurizers in 
common use: vap)or pressurizers and gas pressurizers. Pressurized-water reactors con¬ 
veniently use vapor pressurizers because their coolant, water, can be vaporized, which 
results in a more compact pressurizer. Gas-type pressurizers are used in liquid-metal- 
cooled fast-breeder reactors. 

A vapor pressurizer is essentially a small boiler (Fig. 10-9) in which liquid, the 
same as the primary coolant, is maintained by controlled electrical heating at a constant 
temperature and consequently a constant vapor pressure above its full surface. This 
pressure is the same as that of the primary coolant at the junction between the pressurizer 
and the hot leg of the primary loop. Thus the pressurizer temperature is higher than 
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Figure 10-9 Simplified flow diagram 
of a PWR primary loop with a vapor- 
type pressurizer system. 


the primary-coolant temperature because the latter is subcooled. For example, if the 
primary-loop pressure and temperature at the junction are 2250 psia and 605°F, the 
pressurizer temperature would be 653°F. 

The heaters are of the electric immersion type, located in the lower section of the 
pressurizer vessel. These heaters are also used to heat the pressurizer and its contents 
at the desired rate during plant startup. 

The bottom of the pressurizer is connected to the hot leg of the primary coolant 
system (Fig. 10-9). A spray nozzle located at the top of the pressurizer is connected, 
via control valves, to the cold leg of the primary coolant system after the pump. Under 
normal full-power operation, the pressurizer is about half full of water. The top half 
is full of vapor. 

During a positive surge, the volume of the primary coolant increases and the vapor 
in the top half is compressed. Entry of the cooler primary coolant into the pressurizer 
condenses some of the vapor, thus limiting the pressure rise. In addition, the spray 
valves are power-actuated, and a cool spray (under pump pressure) enters the top, 
which helps condense vapor at a rapid rate and limits pressure rise. (The spray valves 
may also be manually operated.) A small continuous spray is usually provided to 
prevent excessive cooling of the spray piping and to maintain equal boron concentra¬ 
tions in the primary coolant and pressurizer water. Boron is used for chemical shim 
(Sec. 10-5). 

A negative surge decreases the primary-coolant volume and expands the vapor in 
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the prcssurizer, thus causing a momentary reduction in pressurizer pressure. The liquid 
in the pressurizer then partially flashes into vapor, and, assisted by further steam 
generation because of the automatic actuation of the electric heaters, the pressure is 
maintained above a minimum allowable limit. 

A power-operated relief valve is attached to the top of the pressurizer to protect 
against pressure surges that are beyond the capacity of the pressurizer. The relief valve, 
in such a case, discharges steam into a pressurizer relief tank that is partly filled with 
water under a nitrogen blanket at near-room temperature and in which the vapor 
condenses. The condensate then goes to a waste-disposal system. 

In a typical design of a 500-MW PWR, both the pressurizer and pressurizer relief 
tank had volumes of 800 ft^ each, compared with 3700-ft^ volume of the reactor 
pressure vessel. Figure 10-10 shows a photograph of a pressurizer for a PWR plant 
built by Westinghouse Electric Corporation. 

The following is a treatment of the pressure change in an insurge (when a liquid 
expansion in the primary circuit causes a rush of primary coolant into the pressurizer) 
or, conversely, an outsurge. The situation is a nonsteady flow case. The general energy 
equation [Eq. (1-1)] in that case is written as 

PE, -f- KE, + + A0 

= PE 2 + KE 2 + AmA + + ^g,2^g,2 + AW (10-1) 

where the subscripts 1 and 2 refer to conditions within the pressurizer before and after 
the insurge (or outsurge) and i and e refer to inlet and exit fluids. The changes in 
potential energy PE and kinetic energy KE as well as the work AW are zero. Equation 
(10-1) then becomes 

A/nj/ii + rrif iUfj + rUg iUg i + AQ = AmA + '”#, 2^.2 (10-2) 

The above is an energy balance. A mass balance gives 

Am, mf I + mg ] = Am^ mf 2 + An ^.2 (10-3) 

A volume balance gives 

my.ivy,, + mg.|V,.i = /n/.2Vj.,2 + m,,2Vj,2 = V (10-4) 

where Am = mass of water entering or leaving pressurizer 
mf, mg = masses of water and steam within pressurizer 
h = enthalpy of water entering or leaving pressurizer 
Uf, Ug = internal energies of water and steam within pressurizer 
Vf, Vg = specific volumes of water and steam within prcssurizer 

AQ = heat added from electric heaters, less heat lost to the ambient 
(relatively small) 

V = total volume of pressurizer 
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Figure 10-10 A PWR pressunzer. (Courtesy Wesiinghouse Electric Corporation.) 
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Noting that the pressurizer is large enough so that f^re will always be both water 
and steam in it,* the values of u and v above are for the saturated fluids at the 
corresponding pressures. 

The above three equations are solved for the case of an insurge, where Am^h, is 
the sum of the incoming fluids from the hot leg and the spray from the cold leg, each 
times its specific enthalpy, and 

Am,. = 0 (10-5) 

or an outsurge, where Am, = 0 (10-6) 

Solutions, for given primary-system conditions and permissible pressure fluctuations 
result in required total pressurizer volume. For given pressurizer volume and primary- 
system temperature fluctuations, the solutions (usually by trial and error) give resulting 
pressure fluctuations. As expected, the larger the pressurizer, the smaller the pressure 
surges. 

Basic equations, for vapor-type pressurizers, that predict system transient pressure¬ 
time relationships during changes in reactor power level have been formulated |89) 
from energy, mass, and volume balances. 

A gas pressurizer is simply a large volume of gas situated above the primary 
coolant that compresses or expands whenever the primary coolant expands or contracts, 
respectively. The gas, not miscible with the coolant, thus acts as a cushion to limit 
pressure changes in the primary system. Because of the absence of condensing or 
vaporizing of the gas, as occurs with the steam in a vapor pressurizer, a gas pressurizer 
is usually large in volume. It is limited in use to low-pressure systems such as the 
liquid metal fast breeder reactors. It is discussed here merely for comprehensiveness 
of coverage. 

The pressure rise (or decrease) in a gas pressunzer is easily obtained from the 
gas laws PV = mRT |Eq. (l-30a)] and FV" = C (Table 1-3) giving 


Px 



Vv. + 


(10-7) 


where AP = system pressure rise or decrease, Ib/ft^ or Pa 
Py = initial system pressure, Iby/ft^ or Pa 
Vy = initial volume of gas, ft^ or m^ 

AV = volume change of gas 

= negative of volume change of primary coolant, ft^ or m^ 
n = coefficient of polytropic exponent dunng gas compression or expansion 
= 1 for an isothermal process 

= ratio of specific heats of gas k for an adiabatic reversible process. 


* The pressunzer must never be allowed to be completely filled with water, a situation referred to as 
operating “solid.” as it would lose all control over system pressure. 
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10-5 CHEMICAL-SHIM CONTROL 

The term chemical shim refers to the use of a soluble neutron absorber, such as boric 
acid, that is dissolved in the primary reactor coolant. Control is then accomplished by 
varying the concentration of this absorber in the coolant. This, of course, is a slow 
process and is used only to control slowly varying reactivity effects in addition to 
conventional control rods. 

Boric acid has good water solubility and has been used experimentally in both 
pressurized- and boiling-water reactors. For commercial power reactors, however, it 
is restricted to the former use. Since boron has no radioactive isotopes, no coolant 
radioactivity problems arise from it. (Boric acid has also been used as a shutdown 
device in many reactors.) The concentration of boric acid in the coolant is changed 
at startup and during the lifetime of a core to compensate for (1) changes in reactivity 
resulting from changes in moderator temperature from a cold shutdown condition to 
a hot operating, zero-power condition; (2) changes in reactivity caused by the buildup 
of neutron-absorbing xenon 135 and samarium 149 concentrations in the core; and (3) 
reactivity losses resulting from fuel depletion and the buildup of long-lived fission 
products other than zenon and samarium. Rapid reactor transients are handled by the 
usual control rods. 

Boron concentration in the coolant may be adjusted by the feed-and-bleed method. 
By this method boron content is increased by feeding into the core some of a more 
concentrated boron solution than is in the core and decreased by feeding in some pure 
water or a less concentrated solution. Some coolant must necessarily be bled off to 
make room for the feed. This may be processed by distillation and the resulting 
concentrate and distillate reused for subsequent adjustments. 

Since chemical shim permits a reduction in the amount of reactivity controlled 
by control rods, the number and/or size of rods may be reduced, the result being 
simplified design and reduced costs. Also, the rod blackness may be reduced; i.e., 
rod materials of lower neutron cross sections may be used. Note that because of strong 
water moderation a pressurized-water reactor normally needs a large number of control 
rods. 

A chemical absorber does not by itself materially affect the spatial power distri¬ 
bution since it is uniformly distributed throughout the core except for a minor effect 
due to increased density in the lower half of the core because of cooler water tem¬ 
peratures there. The use of chemical shim results, however, in improvements in spatial 
power distribution and therefore increased average-to-maximum f)ower density in the 
core because of reduced blackness, size, or degree of insertion of control rods. 

The control rods that remain inserted in a chemically shimmed core will, as in 
any core, distort the axial power distribution (which is normally sinusoidal) so that 
peak power density is pushed from the core center to a point farther from the rod 
entrance (Fig. 10-11). The axial maximum-to-average power ratio is low when the 
rod is fully withdrawn because of the uniformity of the channel, increases with insertion 
up to a maximum, and then decreases as the rod approaches full insertion. Near full 
insertion the ratio increases again to the original value because the rod channel ap¬ 
proaches uniform composition again. A hypothetical rod of zero reactivity worth (zero 
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rod 



Figure 10-11 Axial neutron flux in a controlled 
reactor channel. 


neutron absorption) would not perturb the channel at all. The degree of skewing is of 
course severer the higher the reactivity worth of the rod. These effects, which apply 
whether or not chemical shim is used, are shown by Fig. 10-12, which is representative 
of large pressurized-water reactors. It contains lines of different rod worths. It can be 
seen that the effects of partially inserted rods on peaking become severer the larger 
the reactivity and that, for a given rod reactivity, a more favorable axial distribution 
(lower axial maximum-to-average ratio) is obtained by the use of relatively low worths 
(and deeper insertion). 

It can also be seen that rods of lower worths, obtainable when chemical shim 
supplements rods, are conducive to a more favorable axial power distribution. 

At the beginning of core life, control rods are usually used to flatten the radial 
power distribution. Because of bumup, these rods are later moved out and the power 
distribution becomes less flat. When chemical shim is used, however, power can be 
flattened at the beginning of core life by spatial variations in fuel ennchment or core 
composition. This favorable power distribution is then maintained to a great degree 
by simply varying the concentration of the chemical absorber, while the rod positions 
are maintained. Large PWRs with chemical shim are now operated practically unrodded 
(i.e., rods almost completely withdrawn). 

With favorable power distributions, the use of chemical shim results in increased 
fuel bumup for a given number of control rods. Note that without a chemical absorber, 
fuel bumup is limited by the number of control rods. 

On the debit side, although chemical shim results in a decrease in number, size, 
or blackness of control rods, the effect is not linear. There actually is a slight decrease 
in rod worth with increasing concentrations of chemical absorber. The boron concen¬ 
tration necessary to ensure a minimum shutdown margin at room temperature is es¬ 
timated at 3200 ppm. Figure 10-13 shows the boron worth as a function of boron 



Cumulative boron worth, Axial maximum/average power-density ratio 
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Control-rod-bank position, fraction withdrawn 


Figure 10-12 Effect of reactivity 
worth and depth of insertion of con¬ 
trol rods on axial power density [90], 



Boron concentration in water coolant moderator, ppm 


Figure 10-13 Calculated reactivity 
worth of dissolved boron [91], 
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Table 10-1 Typical reactivity requirements in a 
chemically shimmed PWR* 



Reactivity, % 

Reactivity requirement 

Rods 

Boron 

Safety shutdown, cold to operating 



temperature change 

3.0 


Doppler effect 

2.2 

2.0 

Samarium poisoning 

— 

0.8 

Xenon poisoning 

— 

2.2 

Operating control 

0.8 


Core lifetime (fuel depletion) 

— 

9.0 


* Data from Ref 92 


concentration for two moderator-fuel ratios, two fuel enrichments, and two tempera¬ 
tures. 

One problem with chemical shim is referred to as hideout and plateout. Hideout 
is defined as the precipitation of boron from solution onto solid surfaces or in deposits 
of corrosion products adhering to surfaces of the core and coolant system. It may later 
reenter the system as a result of changes in operation or water conditions. This is 
plateout. Hideout and plateout are of course undesirable because they would result in 
positive and negative reactivity drifts. But they represent the only significant safety 
problem resulting from the use of chemical shim. Tests have shown that boron dep¬ 
osition occurs to a limited extent onto corrosion products adhering to surfaces rather 
than on clean surfaces. Indications are also that it occurs on fouled surfaces when 
boiling occurs when the thickness of fouling is at least 0.3 to 0.4 mil. In this case 
deposition was proportional to the rate of evaporation. No rapid release of boron from 
a surface into the coolant has been observed. However, reactivity insertion from such 
rapid release is assumed in order to safely estimate the control rod requirements in a 
chemically shimmed reaction. 

Typical reactivity requirements in a pressurized-water, chemically shimmed re¬ 
actor are given in Table 10-1. 


10-6 A PWR POWERPLANT 

The secondary or working-fluid system of a twin-reactor, 1000-MW (total) powerplant 
[93] is shown in Fig. 10-14. It is composed on the shell side of the steam generators, 
a turbine-generator, condenser, two condensate pumps, five stages of feedwater heat¬ 
ing, two feedwater pumps, and auxiliary equipment. 

The turbine-generator system is designed to produce a guaranteed maximum of 
502.841-MW gross and an expected maximum of about 523.7-MW gross. The 1800- 




Figure 10-14 Row diagram of the wortcing fluid in a PWR powerplanf [93] 









THERMAL-nsSlON REACTORS AND POWERPLANTS 417 


r/inin steam turbine is composed of one double-flow, high-pressure element in tandem 
with two double-flow, low-pressure elements. 

There are four combination moisture separator-rchealer assemblies between the 
high- and low-pressure units. Wet steam from the exhaust of the high-pressure elements 
enters each assembly at one end, is distributed by internal manifolds, and rises through 
a wire mesh where the moisture is removed. It then flows over the tubes in the rcheatcr 
where it is heated by high-pressure steam from the steam generators. This enters the 
other end of each assembly, passes through the tubes and leaves as condensate to the 
high-pressure feedwater heater. The reheated steam flows back to the low-pressure 
turbines. 

The AC generator, with rotating rectifier-exciter, is mounted on the turbine shaft. 
The generator is rated at 582,000 kVA and is hydrogen-cooled. 

Turbine exhaust steam from four manifolds enters a radial-flow-type condenser. 
The condenser has a deaerating hotwell with sufficient storage for 3 min operation at 
full throttle and an equal free volume for surge flow. A steam-jet air ejector is provided. 
It has four first-stage elements and two second-stage elements mounted on shells of 
intermediate and after condensers. The ejector is driven with high-pressure steam from 
the steam-generator outlet. 

Condensate from the condenser hotwell is pumped by two condensate pumps then 
normally passed through hydrogen coolers, air ejectors, a gland steam condenser, then 
through the first four feedwater-heater stages. It is then pumped by two feedwater 
pumps through the fifth and last feedwater-healer stage back to the steam generators. 
An auxiliary feedwater pump driven by a steam turbine is provided for decay-heat 
removal in case of loss of power. Steam for this turbine is produced from reactor 
decay heat. The normally closed steam valves to this turbine open automatically on 
loss of power, or manually. All feedwater heaters are of the closed type and are twin 
units operating in parallel. The lowest two stages are joined in a duplex arrangement. 
Steam for the heaters is obtained from five extraction points, one from the high- 
pressure turbine, one from high-pressure exhaust, and three from the low-pressure 
turbines. Drains from the high-pressure heater cascade to the second-stage heater and 
then to a drain tank. Heater drain pumps force water from the three lowest-pressure 
heaters to cascade to the condenser. 


10-7 THE BOILING-WATER REACTOR (BWR) 

The BWR has a function closely resembling that of the boiler in a conventional fossil- 
fuel steam piowerplant and is basically simpler than it. In the boiler, heat is transmitted 
from the furnace to the water indirectly, partly by radiation, partly by convection, and 
partly by conduction, with combustion gases used as an intermediate agent or coolant. 
In the boiling-water reactor, the coolant is in direct contact with the heat-producing 
nuclear fuel and boils in the same compartment in which the fuel is located. It boils 
because the reactor pressure is maintained at about 1000 psia (about 70 bar), less than 
half that in a PWR, with the fuel temperatures roughly comparable. Because water 
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and vapor coexist in the core, a BWR produces saturated steam at about 545°F (285°C). 
The coolant thus serves the triple function of coolant, moderator, and working fluid. 

In its simplest form (Fig. 10-15), a boiling-water-rcactor powerplant consists of 
a reactor, a turbine generator, a condenser and associated equipment (air ejector, 
cooling system, etc.), and a feed pump. Slightly subcooled liquid enters the reactor 
core at the bottom, where it receives sensible heat to saturation plus some latent heat 
of vaporization. When it reaches the top of the core, it has been converted into a very 
wet mixture of liquid and vapor. The vapor separates from the liquid, flows to the 
turbine, does work, is condensed by the condenser, and is then pumped back to the 
reactor by the feedwater pump. 

The saturated liquid that separates from the vapor at the top of the reactor or in 
a steam separator flows downward via downcomers within or outside the reactor and 
mixes with the return condensate. This recirculating coolant flows either naturally, by 
the density differential between the liquid in the downcomer and the two-phase mixture 
in the core, or by recirculating pumps in the downcomer (not shown in the figure). 
This is similar to what happens in modem large fossil-fueled steam generators. Modem 
large boiling-water reactors are of the internal, forced recirculation type. 

The saturated liquid that separates from the vapor at the top of the reactor or in 
a steam separator flows downward via downcomers within or outside the reactor and 
mixes with the return condensate. This recirculating coolant flows either naturally, by 
the density differential between the liquid in the downcomer and the two-phase mixture 
in the core, or by recirculating pumps in the downcomer (not shown in the figure). 
This is similar to what happens in modem large fossil-fueled steam generators. Modem 
large boiling-water reactors are of the internal, forced recirculation type. 

The ratio of the recirculation liquid to the saturated vapor produced is called the 
recirculation ratio. It is a function of the core average exit quality [Eq. (10-9), below]. 
Boiling-water core exit qualities are low, between 10 and 14 percent, so that recir- 


Saturatcd steam . 


Core 



(^) 


ib) 


Figure 10-15 Schematic of a BWR system: (a) internal and (b) external recirculation. 
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culation ratios in the range of 6 to 10 are common. This is necessary to avoid large 
void fractions in the core, which would materially lower the moderating powers of 
the coolant and possibly result in low heat-transfer coefficients or vapor blanketing 
and burnout [ 2 ], 

In either kind, a slightly subcooled liquid enters the core bottom at a rate of m„ 
mass per unit time. This liquid rises through the core and chimney, if any. The chimney 
is an unheated section above the core that helps to increase the driving pressure in 
natural circulation. The resulting vapor separates and proceeds to the powerplant at a 
mass flow rate of m^. The saturated recirculation liquid flows via the downcomer at 
mass flow rate of inf. There it mixes with the relatively cold return feedwater from 
the power plant to form the slightly subcooled inlet liquid m,. 

An overall mass balance in the rector core is given by 

(10-8a) 

-}- m/ = Mi (IO- 8 / 7 ) 

The average exit quality of the entire core that is, the quality of all the vapor- 
liquid mixture at the core exit, is given by 






nig + nif + m. 


m, 


(10-9) 


The recirculation ratio R is the ratio of recirculation liquid to vapor produced. It is 
given by modifying Eq. (10-9) as follows 

= "V = IjLif (10.,0) 


Now, if the incoming feedwater has a sp)ecific enthalpy Btu/lb^ or kJ/kg and 
the recirculated liquid has a specific enthalpy /i/(at the system pressure), a heat balance 
is obtained, if we assume no heat losses to the outside (a good assumption) and neglect 
changes in kinetic and potential energies, as follows 

rn,h, = Mfhf + ( 10 - 11 ) 

where h, is the sp)ecific enthalpy of the liquid at the reactor-core inlet. Equation (10- 
11 ) can be modified to 

h, = {\ - x^)hf + Xehd ( 10 - 12 ) 


Rearranging gives the following expression for 



(10-13) 


The condition of the liquid entering the bottom of the core is given by the enthalpy 
of subcooling 


A/isub = hf ~ h, = xAhf - hd) 


(10-14) 



420 POWERPLANT TECHNOLOGY 


or by the degree of subcooling 

t, (10-15) 

where ti is the core-inlet liquid temperature, corresponding to /z,. 

The total heat generation Qi can be obtained from a heat balance on the core as 
a system or on the reactor as a system. The two relationships, which yield identical 
results, are 

a = milihf + Uf,) - h,] (10-16) 

Qi = rhgihg - hj) (10-17) 

Shown diagramatically in its simplest form in Fig. 10-16, a boiling-water-reactor 

system supplies saturated (or 0.4 percent moisture) vapor directly to the turbine. After 
expansion through the turbine, the exhaust wet vapor is condensed and the condensate 
is pumped back to the reactor. The direct cycle has the advantages of simplicity and 
of relatively low capital costs. Because of the direct loop arrangement, there are no 
heat exchangers. Because of the large steam volume above the water, no pressurizer 
is needed. 

A major drawback of tlie direct cycle is that the reactor is not load-following. To 
illustrate this, let us assume that the reactor is operating at some power level determined 
by its flow and control-rod setting. Let us also assume that a larger load is applied to 
the turbine, thus causing the turbine governor to increase the throttle valve opening, 
i.e., call for more steam. This reduces the flow resistance in the steam passages between 
the core and turbine. This in turn reduces the reactor pressure. A reduction in pressure 
causes flashing, i.e., increases steam voids in the core. This decreases moderation and 
decreases reactor power, which results in less steam generation,* opposite to the desired 
effect. A similar argument applies to a demand for reduced load. 


* It can be shown that only above 500 psia (34.5 bar) and at very high qualities, far beyond those found 
in BWRs, the opposite effect takes place; i.e., a reduction in pressure causes a reduction in voids (3], 



Figure 10-16 Schematic of a direct-cycle 
BWR plant 
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This Stale of affairs has been corrected by one of several methods; by-pass control, 
a dual-pressure cycle, an overmoderated reactor in which voiding results in a reduced 
loss of neutrons due to water absorption and hence increased power, and recirculation 
control [3]. The last method is the one adopted in current designs. It is described in 
the next section. 


10-8 BWR LOAD FOLLOWING CONTROL 

The recirculation control method is based on a direct cycle but with variable recir¬ 
culation flow in the downcomer. It is shown schematically in Fig. 10-17. Equation 
(10-17) is rewritten with the help of Eqs. (10-8fl) and (10-9) as 

Q, = x/ni{hf^ - hj) (10-18) 

hg, the saturated steam enthalpy at the system pressure, and hj, the feedwater enthalpy, 
are both weak functions of load. Thus the plant load Q, is therefore proportional to 
the product of and m,, the flow in the downcomer. 



Figure 10-17 BWR reactor vessel internal flow paths 
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Figure 10-18 Jet-pump arrangement. (Courtesy General Electric Company.) 
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If the reactor power is to be increased by a certain percentage, m, is increased by 
the same percentage. This momentarily decreases as Qt has not yet changed, x, is 
a measure of the qualities in the core as a whole. When it decreases, the reactor power 
increases (due to improved moderation), in turn increasing x^ to the original value 
where nuclear equilibrium returns. We are now at the new in,, the original x/, thus Q, 
is at the new desired value. The same holds true if a reduction in load is desired. In 
general then, except at very low loads, Q, is essentially directly proportional to m,, 
hence the name recirculation control. 

The recirculation system consists of 2 external recirculation pump loops and 20 
internal jet pumps located inside the reactor vessel (Figs. 10-17 and 10-18). The two 
external recirculation pumps are single-stage vertical centrifugal units, with mechanical 
shaft seals, driven by variable-frequency motor-generator sets. Changing the pump 
speed changes recirculation flow, which in turn changes reactor piower. One third of 
the total reactor recirculation water is pumped through the two external pumps. This 
flow leaves the reactor vessel through two outlet nozzles and returns to the jet-pump 
inlet-riser pipes to become the driving flow for the jet pumps. The pressure to which 
the dnving fluid is raised in the external pumps is, however, higher than required in 
an all-pumped recirculation system (Fig. 10-19). This driving flow goes through the 
jet-pump nozzles and acquires high velocity and momentum. By a process of mo- 




Figure 10-19 Jel-pump flows and pressure diagram (94). 
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mentum exchange, it entrains the remainder of the recirculation flow, called the suction 
flow, which is at a lower inlet pressure. The combined flow then enters the throat or 
mixing section of the jet pump where the momentum decreases and the pressure rises. 
Additional pressure recovery to the exit pressure occurs in the diffuser. The resultant 
suction flow Ap is sufficient to overcome losses through the reactor. 

The jet-pump design has the advantages of fewer moving parts, lower probabil¬ 
ities of major line ruptures, capability to reflood the vessel in case of such rupture 
(loss-of-coolant accident, LOCA), improved natural circulation (lower pressure loss¬ 
es) in the event of power loss to the circulation pumps, and relative freedom from 
cavitation, a problem that arises in pumps where the liquid is near saturation condi¬ 
tions. 

Figure 10-20 is a control “operation map.” It shows the effect recirculation flow 
ratio on power ratio QJQ,„, where the subscript o indicates conditions at full 

load. To understand this map it is important to note one distinguishing feature of 
BWRs. Unlike PWRs, which can be critical at one control-rod position and one 


12 
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Figure 10-20 Operation map of BWR recirculation control [94). 
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chemical-shim concentration at a given time during the core lifetime and in which 
changes in these cause an increase or decrease in power until they are returned to 
original, BWRs can be critical at several control-rod positions because the resul¬ 
ting voids compensate for the change in reactivity due to the change in the rod posi¬ 
tions. 

Lines 3-4 and 5-6, and similar somewhat parallel lines in between, indicate re¬ 
circulation control at various control-rod positions. They are nearly linear, as indicated 
by Bq . (10-18), and each indicates a control range of approximately 25 percent, without 
control-rod motion. Zero pump speed results in the natural circulation line at the left. 
Lines 3-6 and 4-5, and similar parallel lines in between, represent constant recircu¬ 
lation-pump speed lines. 

The recirculation pumps are driven by motor-generator sets with adjustable-speed 
couplings that vary the frequency supply to the pump motors and hence their speed. 
To change reactor power, a demand signal from the operator, or a load-frequency 
error signal from the governor, is supplied to a master controller and compared with 
the actual generator speed. An error signal is used to adjust the speed of the recirculation 
pumps. 


10-9 THE CURRENT BWR SYSTEM 

Current BWR designs are of the direct-cycle, forced-intemal-recirculation-type de¬ 
scribed above. The reactor (Fig. 10-21) is about 21 ft ID and 73 ft high for a 1000- 
MW plant. The fuel rods are similar to those of a PWR. They are Zircaloy-clad, 12 
ft high in active length, and contain enriched UO 2 pellets. The fuel assemblies, how¬ 
ever, are either 7 x 7 or 8 x 8 arrays and are enclosed in a Zircaloy-4 channel (Figs. 
10-22 and 10-23). The control rods are cruciform in shape and occupy the space 
between four channels. They enter the reactor vessel from the bottom (vs. the top in 
a PWR). This is because the voids, mainly in the top part of the core, cause neutron 
peaking in the lower part where the control rods would be most effective. The blades 
of the cruciform contain sealed stainless steel tubes fitted with compacted boron carbide 
powder (Fig. 10-24). The reactor also contains temporary control curtains of borated 
stainless steel to supplement the control rods for the initial core. 

The water-steam mixture leaves the top of the core and passes through steam 
separators and dryers located within the pressure vessel (Figs. 10-25 and 10-26). The 
separators are standpipes, each of which contains a centrifugal-type steam separator 
located at top. In each, the mixture impinges on vanes that impart a spin to separate 
water from steam. The separated water enters a pool surrounding the standpipes, from 
which it enters the downcomer annulus. Steam, still slightly wet, flows upward and 
outward through the dryers, where moisture is removed through troughs and tubes to 
a pool and back to the downcomer. The dry (or 0.4 percent wet) steam, separated 
from the wet steam by shrouds, finally leaves the reactor vessel through outlet nozzles 
and goes directly to the turbine 
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Figure 10-21 BWR reactor vessel and inlemals. (Courtesy General Electric Company.) 
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Figure 10-22 BWR fuel assemblies and conCrol-rod arrangement. (Courlesv General Electric Company.) 
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Figure 10-23 BWR core lattice arrangement, cross section of Fig. 10-22. 


10-10 A BWR POWERPLANT 

Figure 10-27 shows a typical flow diagram of a BWR powerplant [95]. It produces 
780 MW from 0.4 percent moisture steam at 965 psia (66.7 bar) at turbine inlet, 
condensing to 2 inHg absolute (0.067 bar). The turbine is a tandem-compound (with 
one high-pressure section and two low-pressure sections), four-flow (ducts to the 
condenser), 1800-r/min, nonreheat unit. The cycle has a moisture separator between 
the high-pressure and low-pressure turbines and five feedwater heaters, all with 5°F 
terminal temperature difference and 10°F drain-cooler temperature difference. The 
feedwater leaving the high-pressure feedwater heater to the reactor is at 38l.7°F 
(194.3°C). The throttle steam flow is 9,610,000 lb„yh (1210 kg/s). The flow to the 
condenser after moisture separation and bleeding steam for feedwater heating is 5,711,820 
lb„/h (719 kg/s). It has a “best point” heat rate of 10,287 Btu/kWh, corresponding to 
33.18 percent thermal efficiency. 
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Figure 10-24 BWR control rod. 
(Courtesy General Electric Com¬ 
pany ) 


One final observation concerns radioactivity in the steam, since it is produced in 
the reactor and used in the balance of the plant. If mineral content of the coolant in 
water-cooled reactor systems is kept low enough (below about 1 ppm), the main 
radioactivity will be that due to the neutron capture by the oxygen in the water. Neutron 
capture by hydrogen converts it into nonradioactivc deuterium. The most important 
of the oxygen reactions is the rcaaion 
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Figure 10-26 BWR steam dryer assembly 


,0^^ + on* 7N'^ + ,H' (10-19) 

which has a microscopic cross section of 1.4 x lO”' bam. Nitrogen 16 is a radioactive 
P and y emitter (reverting to with a half-life of 7.2 s. The rays are mainly of 
3.8, 4.3, and 10.5 MeV energy. The yrays are mainly of 6.13 and 7.10 MeV energy. 
The half-life of N'^ is short enough so that only a small fraction of radioactivity 
remains when the steam reaches the turbine. Thus moisture remaining in contact with 
turbines and other equipment after shutdown is not dangerously radioactive, and main¬ 
tenance work can usually be undertaken a short time after shutdown. 
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Another reaction of somewhat less importance than the above is 0'\n,p)N^\ 
is present to the extent of 0.037 percent of all oxygen. Nitrogen 17 is another /3 emitter 
of 4.16-s half-life. The microscopic cross section of this reaction is higher than the 
one above by a factor of about 10^. This is outweighed, ot course, by the smaller 
concentration of 0‘^ A third reaction of some importance is Oxygen 19 

is also a p emitter converting to stable fluorine 19, with a half-life of 29.0 s. This 
and other reactions that are not very important produce only a few weak 
radiations. 

If the mineral content of the coolant is high, long-lived and strong radiations 
result. The radioactive particles may embed themselves in component parts, thus 
making maintenance difficult. Coolant treatment is thus an important feature in nuclear 
plants. Also, care should be taken in designing compiments to avoid pockets and 
crevices that may collect and retain radioactive particles. 


10-11 THE GAS-COOLED REACTOR (GCR) 

Gas-cooled reactors have received great attention, particularly in the United Kingdom 
and, to a lesser extent, in France, Germany, the United States, and the USSR. Both 
natural- and enriched-uranium fuels with CO 2 as coolant and graphite as moderator 
are used in the U.K. and France, In the United States and Germany, enriched fuels 
and helium coolant are used. Heavy-water-moderated, gas-cooled reactors have re¬ 
ceived some attention [96,971. 

The attractiveness of gas cooling lies in the fact that, in general, gases are safe, 
are relatively easy to handle, have low macroscopic neutron cross sections, are plentiful 
and cheap (except helium), and may be operated at high temperatures without high 
pressurization. 

The main disadvantages are the lower heat-transfer and heat-transport character¬ 
istics of gases, which require large contact surfaces and flow passages within the 
reactor and heat exchangers, and their high pumping requirements (between 8 to 20 
percent of plant gross power), which necessitate careful attention to the problems of 
fluid flow, pressure drops, etc. 

To partially overcome the inherent disadvantages of gas coolants and at the same 
time obtain attractive thermodynamic efficiencies, it is necessary to operate the fuel 
elements at as high temperatures as possible (commensurate with metallurgy) and 
permit a high gas-temperature rise in the reactor by reducing the gas mass-flow rate 
and pressurizing the gas. Because the fuel operates at high temperatures, fuel-element 
and cladding-material choice and fabrication in gas-cooled reactors present major 
problems, and the trend is toward using oxide and carbide fuel elements in such 
reactors. Also, because gas-cooled reactors are inherently large, they are particularly 
suited to large-capacity power plants. The reactor itself may impose structural and 
foundation problems. The size of the units can, of course, be reduced to a certain 
extent by fuel enrichment. 
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The British Program 

One of the largest single programs per capita for civilian nuclear power is the British 
development and construction of a series of graphite-moderated, C02-cooled-reactor 
powerplants. This effort started in October 1956, when the first powerplant, using 
natural-metallic-uranium, magnesium-clad fuel, was put in operation at Calder Hall, 
England [98]. This powerplant type, originally known as “Calder Hall” but subse¬ 
quently as “Magnox” because of magnesium cladding, was devised because of eco¬ 
nomic and military (production of Pu^^’) necessity. It had the advantages of using 
familiar and economical materials and fuels that do not require enrichment. The coolant 
is cheap and plentiful. The steam temperatures and pressures are, however, rather low, 
being a few hundred degrees Fahrenheit and a few hundred psi, well below current, 
highly efficient fossil-fueled powerplants. Because of their low temperatures, the Mag- 
nox stations used a special dual-pressure cycle [3]. The Magnox program is composed 
of nine twin-reactor stations for a total of 4845 MW. 

A second British program called the AGR (advanced gas-cooled reactor), based 
on the prototype at Windscale, was started in the late 1960s. Its objectives were to 
construct a nuclear steam supply system with steam conditions comparable to those 
in modem fossil-fueled power stations and with a degree of integrity that would permit 
siting nearer centers of population. AGR powerplants use enriched ceramic fuels clad 
in stainless steel but otherwise still use graphite moderators and CO 2 gas coolant. They 
operate at clad surface temperatures of about 1520T (~825°C) with gas outlet tem¬ 
peratures of up to 1230°F (~665°C), resulting in steam temperatures of up to 1050®F 
(~565°C). The AGR stations are characterized by prestressed-concrete pressure ves¬ 
sels, double containment of all access penetrations, and provisions for refueling on 
load for high availability. The AGR program is composed of four twin-reactor stations 
and one four-reactor station for a total of 4750 MW. 

An example of the AGR program is Hinkley Point B (Hinkley Point A was a 
Magnox), a twin-reactor station with a total output of 1250 MW net [99]. Figure 10- 
28 shows a cross section of one of the reactors in a building it shares with the other. 
The core is a 16-sided stack of graphite blocks, of which 308 form fuel channels and 
81 are for the control rods. The vertical stacks are composed of 12 graphite blocks 
each, 10 of which house the fuel and the top and bottom ones act as neutron reflectors 
(Fig. 10-29). The core is surrounded by an annular graphite reflector, two blocks wide, 
and a top graphite shield. Each fuel channel contains eight fuel elements. Each is 40.8 
in (1039 mm) long and consists of a 36-pin cluster of stainless steel-clad 0.57-in 
(14.5-mm)-diameter UO 2 pellets. The pins are 0.6 in (15.25 mm) in diameter. The 
total fuel is 122.5 tons of uranium and is enriched up to 2.6 percent 

The CO 2 coolant enters at bottom at 590°F (310°C) and 617 psia (42.6 bar) and 
leaves at top at 1210°F(655°C) and 586 psia (40.4 bar). It then flows down 12 superheat- 
reheat boilers surrounding the core, within the cavity of a prestressed concrete reactor 
vessel (PCRV), leaving at 529°F (276°C) and 583 psia (40.2 bar). It is then pumped 
back to the reactor by eight constant-speed, electrically driven (28 MW) centrifugal 
circulators with variable-guide-vane flow control. 
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Figure 10-28 Hinkley Point B AGR building: (1) reactor core, (2) supporting grid. (3) gas baffle, (4) 
circulator outlet gas duct, (5) boiler, (6) thermal insulation, (7) reheat steam penetrations, (8) mam stream 
penetrations, (9) boiler feed penetrations, (10) cable stressing gallery, (II) gas circulators. (Countsy The 
Nuclear Power Group, Limited.) 
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Figure 10-29 Cross section of Hinkley Point B core [99). 


The steam is generated at 2418 psia (166.8 bar) and 1(X)5®F (54TC). Reheat 
steam is at 590 psia (40.7 bar) and the same temperature. These conditions are com¬ 
parable to modem fossil units. A plant thermal efficiency of 41.7 percent is claimed, 


10-12 THE HIGH-TEMPERATURE GAS-COOLED REACTOR 
(HTGR) 

In contrast to British development, ordinary-water reactors (PWR, BWR) constitute 
the bulk of the American effort in commercial nuclear power, and only a modest effort 
in gas cooling is under way. The American concept is usually referred to as the HTGR. 
In that concept, graphite is used for fuel particle coating (primary fission product 
barrier), fuel structural material, moderator, and coolant channel walls. Helium is used 
as coolant. The use of an all-ceramic fuel element results in low parasitic neutron 
capture in the core and therefore high conversion ratios (Sec. 11-2) and good fuel- 
cycle economics. The coated-fuel-particle design results in high specific powers and 
high fuel bumups. 

Figure 10-30 shows coated fuel particles and the rod and graphite block in which 
they are contained [100]. The block is hexagonal, 14 in (35.6 cm) across sides, and 
2.5 ft (76.2 cm) high. The coated particles are contained in over 200 fuel holes 
interspersed with a lesser number of coolant holes through which helium flows. The 
coated fuel particles are miniature spherical fuel elements containing UC 2 fuel and 
ThC 2 fertile material, with diameters of 200 ±50 micrometers (p-m) for the fuel and 
400 ± 100 M.m for the fertile material. They are clad with a three-layer coating of 








Figure 10-30 Coated particles, fuel element, and hexagonal block of HTGR. (Courtesy GA Technoloffies, 
Inc.) 


pyrolytic carbon 100 fxm thick for the fuel and 125 )xm thick for the fertile material. 
This cladding here, as elsewhere, isolates the fuel and prevents chemical reactions 
and minimizes the release of fission products. The two sizes for fuel and fertile materials 
make it easy to separate the two for fuel recycle purposes. The Th^^^ is converted to 
fissionable which partly fissions in place and is partly processed for use in other 
reactors. With thorium plentiful in many parts of the world, this system can materially 
extend our fuel resources. 

The first U.S. efforts in HTGR development were a 40-MW plant at Peach Bottom 
near Philadelphia (now decommissioned) and the 330-MW Fort St. Vrain plant near 
Plattcvillc, Colorado. The latter plant had many engineering problems that discouraged 
many utilities that had once opted for the HTGR from proceeding with it despite its 
many favorable features. Research and development, however, are still continuing on 
large HTGRs in the hope that it will be revived in the future. The following is a 
description of a large HTGR. 

The program envisions the building of units of 770- and 1160-MW capacity. The 
conceptual design for the latter is based on a helium-cooled, 3000-MW(t) reactor (Figs. 
10-31 and 10-32). The reactor is housed in a vertical prestressed concrete reactor vessel 
(PCRV), which is prestressed vertically by individual cables and circumferentially by 

























THERMAL RSSION REACTORS AND POWERPLANTS 439 




ifr'i. ■ - ' -*7 ■ cj> Tr 

whS'*^' 

tmm 
mmm 


^IMk 



CMUWnUIIRY 
KEAT EXCHAHGER 

PSESTACSSEO 
CONCRETE 
REACTOR VESSEL 


mm 

"f'- 

fRESTKSS CNANNELS 

PCRV SUPPORT 
STRUCTURE 


Figure 10-32 HTGR PCRV and nuclear steam supply system. (Courtesy GA Technologies, Inc.) 


wrapped wires under tension. It is 29.4 m in diameter, 27.6 m high, and includes the 
reactor core and reflector, helium and nuclear steam supply systems, decay-heat re¬ 
moval system, control rods and their drives, and facilities. The reactor core and reflector 
are located in a vertical cylindrical center cavity that is 11 m in diameter and 14.5 m 
high. That cavity is surrounded by nine other cavities, six of which house steam 
generators and steam-turbine-driven circulators. Three other cavities, arranged between 
the six main cavities, house auxiliary cooling systems. This gives the reactor block a 
“telephone dial” appearance when viewed from the top. All cavities are provided with 
ceramic thermal insulation, gas-light steel liners, and liner cooling systems. The PCRV 
penetrations are steel-lined and sealed by single covers with double gaskets preceded 
by flow resistors. 

The reactor core is made up of the hexagonal graphite blocks with holes that 
contain the coaled fuel particles (Figs. 10-30 and 10-33). In addition, each block has 
a central pickup hole, coolant channels, and three dowel pins for proper positioning 
with respect to each other. One block in seven has two additional large holes to 
accommodate control rods and one large hole to receive absorber granules (below). 
The blocks are slacked up vertically 14 to a column. Each column is composed of 
three upper graphite reflector blocks, eight fuel blocks, and three lower reflector blocks. 
There are 493 such adjacent columns for a total of 6902 blocks (1479 upper reflector, 
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3944 fuel, and 1479 lower reflector) (Fig. 10-34). The fuel blocks are also surrounded 
by side reflectors. Groups of seven fuel columns make up a fuel region that is loaded 
and unloaded as a unit through a common refueling penetration in the top of the PCRV. 
The whole core fits within a cylindncal steel liner, the only nonceramic part of the 
core. 

The control system consists of 146 control rods operated in pairs. The neutron 
absorber is boron carbide. Each pair travels in channels (item 4, Fig. 10-33) in the 
centermost fuel column of each of the seven-column regions. The rods are actuated 
by electric-motor drives that are located in standpipes in the top of the PCRV but can 
be made to drop under gravity for quick shutdown. A backup shutdown system consists 


Coolant Flow 
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Figure 10*34 HTGR core arrangemcnl. (Courtesy GA Technologies. Ini ) 
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of a neutron-absorbing granular material that drops into holes in the same fuel columns 
(item 6, Fig. 10-33). 

The Primary Heat-Transfer System 

Helium is circulated at an average pressure of about 48 bar (700 psi). It enters the 
reactor core at the top at about 240°C (644°F), flows downward through the coolant 
holes in the graphite blocks (item 1, Fig. 10-33), and exits at 760°C (1,400°F) to a 
hot gas plenum at bottom. From there it goes radially to the bottom entrance of the 
six steam-generator cavities, enters the six circulators at the top of the cavities at its 
lowest temperature, and returns radially to a “cold” gas plenum at the top of the core. 

The steam generators are shell-and-tube heat exchangers in which water and steam 
flow in tube coils and helium flows on the shell side. They are composed of a reheater 
at the bottom and an economizer-boiler-superheater at the top. The hot helium enters 
the steam generator above the reheater, flows downward through it, reverses direction 
and goes up a central pipe to the top of the steam generator, reverses direction again 
and flows downward through the superheater, boiler, and economizer, and then upward 
again through an outside annular space between the generator and its cavity to the 
helium circulator. The water-steam flow in the generator tubes is upward. The steam 
flow in the reheater tubes is downward. 

The helium circulators are single-stage axial blowers and are driven by 14,500- 
hp, single-stage steam turbines at 6755 r/min. The circulator impeller and turbine 
wheel of each unit are mounted on the same shaft, which has water-lubricated bearings. 
A labyrinth and sealing system prevent water from entering the helium coolant and 
helium from entering the steam system. 

The Steam Plant 

Suf)erheated steam from the six steam generators, a total of about 1,000 kg/s (~8 x 10^ 
lb„/h), combines into a single header and enters the high-pressure section of the turbine 
at 166 bar (2,400 psig) and 510°C (950°F) (Fig. 10-35). The full steam flow leaves 
that section, divides up to drive the six single-stage circulator turbines, then goes to 
the reheater in the steam generator. It leaves the reheater at 38 bar (550 psia) and 
538°C (1000°F), recombines, and enters the intermediate section of the turbine and 
three double-flow low-pressure sections, exhausting through six ducts to a common 
condenser at 0.09 bar (1.3 psia). 

Because steam in the HTGR is comparable in pressure and temperature to that in 
a fossil powerplant, the turbine is a standard 3600 r/min unit (PWR and BWR plant 
turbines run at 1800 r/min). All turbine sections are double-flow, resulting in six 
exhaust pipes to the common condenser. The condensed steam is pumped by three 50 
percent flow condensate pumps (one on standby). It passes through three low-pressure 
feedwater heater stages, each consisting of two heaters in parallel, and a direct contact 
deaerating heater that has a 500-m^ storage tank. The feedwater is then pumped by 
three feedwater pumps (one on standby) and enters the economizer section of the steam 
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Figure lG-35 Schematic of HTGR plant flow diagram 
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118®C (370°F). The feedwater pumps are driven by 16-MW condensing steam turbines 
whose condensate is fed back to the feedwater line. 

The electric generator is a two-pole, three-phase machine, rated at 27 kV and 
1170 MW. Both stator and rotor are water-cooled. The plant is started up and shut 
down with steam generated in auxiliary boilers or from other units on the plant site 
and fed into the exhaust line of the high-pressure turbine. From there it flows to drive 
the helium circulator turbines and, via reducing valves, to drive the feedwater pump 
turbines. 

Decay-Heat Removal 

Under normal shutdown conditions, the core decay heat (the heat that continues to be 
generated due to the radioactivity of the fission products) is initially sufficient to 
generate enough steam to operate the helium circulator turbines at the required reduced 
load. When decay heat is no longer sufficient to do this, the same auxiliary boilers 
used for plant startup take over and supply steam to these turbines. In addition, there 
are the three auxiliary heat exchangers located within the PCRV. These are helium- 
water heat exchangers with electrically driven helium circulators. The cooling water 
is in turn cooled in an air-blast heat exchanger. 

It is to be noted that, because of the large mass and specific heat of graphite, the 
HTGR core has a very large heat capacity. It is estimated that it can absorb 20 times 
as much heat per unit temperature rise as other reactor types of comparable power. 
This results in a much slower temperature rise in the event of loss of coolant, thus 
allowing ample time for the initiation of emergency cooling. 


10-13 PEBBLE-BED REACTORS 

An interesting concept of a high-temperature gas-cooled reactor is the pebble-bed 
reactor under development in West Germany. The first effort resulted in a 15-MW 
reactor powerplant built at Julich by Arbeitsgemeinschaft Brown/Boveri/Krupp-Reak- 
torbau and called AVR. A second-generation plant, called the Thorium High-Tem¬ 
perature Reactor (THTR-3(X)), is under construction near Hamm-Uentrop; commercial 
operation is expected in 1986. 

A pebble-bed reactor is one in which the fuel and moderator are mixed together 
in the form of spherical pebbles that are randomly packed into a relatively simple 
vessel to form the reactor core. The coolant, helium, flows through the voids between 
the spheres. 

The THTR-300 

In the THTR-3CK) (Fig. 10-36), the core contains 675,000 60-mm-diameter fuel ele¬ 
ments (Fig. 10-37). Each has a 5-mm-thick outer graphite shell surrounding a graphite 
matrix that contains (12.1 percent by volume) 40,000 4(X)-|im-diameter biso-coated 




Figure 10-36 The THTR 3(X) pebble bed reactor (I) shutdown rod (2) prestressed concrete vessel, (3) 
tendon nngs, (4) steam generators, (5) helium circulators (6) thermal insulation (7) thermal shield, (8) 
side reflector, ^9) core, (10) pebble removal tube (Courtesy Hochtemperatur Kernkraftwerk Gmbh West 
Germany ) 


445 

















446 POWERPLANT TECHNOLOGY 



Diameter 

Fuel-free zone 

Volume loading of particles 

Number of particles per fuel element 

Matrix density 

Operation time 

Maximum surface temperature 
Maximum fuel temperature 
Maximum fast-neutron fluence 
(£>0-1 MeV) 

Maximum bum-up 


60 mm 

5 mm 
12 1 % 

40000 

1 70 g cm'^ 

1100 full power davs 

1000‘C 

1150T 

6 4 X 10” cm'’ 

14 1% FIMA 


Figure 10-37 Cross section of the THTR-300 spherical fuel element. 


fuel particles, similar to those shown in Fig. 10-30. The particles in the THTR are 
not segregated by fuel but contain mixed U 02 -Th 02 . 

One advantage of a pebble-bed reactor is the relative ease with which it continually 
charges and discharges fuel on load. Done pneumatically, the spherical elements leave 
the core through a central pipe, after which they are checked for breakage and sent 
to a bumup measuring device. They are then either recycled or sent to a discharge 
facility. 

Helium at 39 bar (566 psia) enters the core at top at 270”C (518°F) and flows 
downward and leaves it at 750°C (1382°F). Surrounding the core, and within a PCRV 
(similar to HTGR), are six vertical steam generators and six helium circulators. The 
latter (unlike in the HTGR) are horizontally mounted through the PCRV. Superheated 
steam at 550°C (1022°F) is produced. The condenser water is cooled by a dry-cooling 
tower. 


10-14 THE PRESSURIZED HEAVY-WATER REACTOR (PHWR) 

Heavy water has almost the same physical, thermodynamic, and chemical character¬ 
istics as ordinary water (214.6°F versus 212°F normal boiling point, 38.9°F versus 
32°F melting point, and 1.10 versus 1.0 g/cm^ density at room temperature). Power 
reactors that use heavy water at high temperature must, as those using ordinary water, 
operate at high pressure. Heavy water, however, has markedly different nuclear char¬ 
acteristics. As a moderator, it requires a neutron to travel about twice as far as ordinary 
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water in order to lose the same energy fraction. On the other hand, heavy water absorbs 
practically no neutrons, which is not true for ordinary water.* 

Because of near zero neutron absorption, heavy water can be used as coolant- 
moderator with natural-uranium fuels. Heavy water also results in good fuel bumups 
and conversion ratios. A further improvement is obtained by dividing the heavy water 
into a cooled moderator region and a hot coolant region in a pressure-tube design 
(below). 

Other economic advantages of the PHWR are low-cost natural fuel because of the 
absence of the very costly ennching process and the absence of criticality hazards 
during fuel fabrication. The use of natural fuels can also be particularly attractive to 
those countries that do not possess enriching facilities. On the debit side, the production 
of heavy water is, in itself, a costly operation. 

The economic incentives to develop heavy-water reactors thus vary in different 
countries and the economics depend on different methods of estimations and projec¬ 
tions. In Canada, for example, it has been shown that natural-uranium heavy-water- 
moderated reactors can produce power at a lower cost than ennehed-fuel reactors, and 
Canada has concentrated on developing this type of reactor. This view, plus other 
advantages already cited, has been shared elsewhere, and Canadian-type reactors (Candu) 
are now being built in such countnes as Argentina, India, Korea, and Pakistan. In the 
United States, however, most studies have indicated cheaper power from enriched- 
fuel light-water reactors (BWR, PWR) and that, even if heavy water is used, power 
would be cheaper if enriched fuels are used. The overriding factors in this case are 
the higher capital costs and the large expensive heavy-water inventory, coupled with 
high fixed-charge rates. Hence, the United States effort in D 2 O reactors is rather 
meager. 

Because of the long neutron paths for moderation, heavy-water-moderated reactors 
require large moderator-to-fuel-volume ratios. Such reactors, therefore, require large- 
diameter pressure vessels. Large power reactors operating at high temperature and 
pressure, therefore, require larger, thicker, and costlier pressure vessels than ordinary- 
water reactors of comparable output. Both pressure vessel and pressure-tube designs 
have been used. The latter design (lOl) allows the use of a lower-pressure, less costly 
vessel but with the added expense of constructing a leak-tiglit calandria vessel free 
of differential expansion. It also results in the separation of coolant and moderator, 
and, as already mentioned, a cool-moderator design can then be easily incorporated. 

Some other problems associated with D 2 O reactors are the loss by leakage of the 
expensive D 2 O and the high activity associated with the decay of tritium formed in 
the reactor. 

We will next present the Candu reactor of the pressurized heavy-water-moderated 
and cooled, pressure-tube vanety. Other reactor types of interest that have seen various 
degrees of development are the DiO-moderated, gas-cooled, organic-cooled, and or¬ 
dinary-water-cooled reactors, all made possible by the pressure-tube concept. In the 


* The ratio of slowing down to absorption is called the moderating ratio. It is about 90 times greater 
for heavy water than ordinary water. 
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latter concept the ordinary water may be allowed to boil, which results in the generation 
of steam within the pressure tubes. 

The Candu Reactor Powerplant 

The Candu-typc reactors are designed by Atomic Energy of Canada, Limited. Their 
main features are a horizontal pressure-tube calandria reactor vessel, fuel elements 
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? 1 Helium balance and 
biom off lines 

22 D,0 inlet monitold 

23 D?0 inlet nonies 

24 Dump por ts 


25 Shell shield 
Support plates 

26 Helium balance line 

27 DpO outlet 

28 Dump port and dump lonk 
sproy cooling lines 

29 Dump lank supports 

30 Dump tank drom line 

31 Reheoriol facility 


ST'* Atomic Energy ofCan^.. 
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containing natural-uranium dioxide and housed in horizontal presure tubes, which also 
carry the pressurized heavy-water c(X)lant, and a relatively cool heavy-water moderator 
on the shell side. 

One such reactor (Fig. 10-38) has a stainless steel calandria shell (1) that has 
integral-steel end shields (7) cooled by ordinary water (6) and stainless steel circum¬ 
ferential shell thermal shields (13). The calandria contains 390 horizontal pressure 
tubes (17). Each pressure tube in turn contains a coolant tube that is supported in 
sliding bearings at the end shields of the calandna. The calandria and coolant tubes 
are separated by a sealed annulus containing CO 2 or nitrogen. There is a total of 276 
tons of heavy water in the reactor. Below the calandria is a dump tank (2) with a 
heavy aggregate concrete vault to provide shielding from reactor radiation. The concrete 
IS cooled by one layer of cooling coils embedded in it. The dump tank contains a 
helium atmosphere. 

The fuel elements are hermetically sealed Zircaloy-2 rods that contain compacted 
and sintered naturally enriched UO 2 pellets. Twenty-eight such elements are attached 
mechanically at their ends to form a cylindrical fuel assembly (Fig. 10-39) 4.03 in in 
diameter and 19.5 in long. Spacers attached to the cladding maintain 0.05 in space 
between the elements. 

The heavy-water coolant enters the fuel channels at 480°F (249°C) and leaves at 
560°F (293°C) and 1300 psig (90.7 bar) via feeder pipes (4). Twelve U-shaped tube- 
in-shell heat exchangers generate a total of 6.46 x 10^ Ib^/h (814 kg/s) of steam at 
5H5 psia (40.3 bar) and 483.5°F (250.8T) from the ordinary-water working fluid. 



1 . Zircoiof tearing pdtft 
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Sl lntir-«tenant i 


Figure 10-39 Candu 28-element fuel bundle. 
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The reactor is protected by 11 shutoff rods and by the moderator dump. The latter 
is made possible in this design by the fact that dumping the moderator would not 
starve the fuel from the coolant, a situation which would result in fuel meltdown. It 
is, however, resorted to only in case the shutoff rods fail to shut down the reactor. 

The fuel is loaded and removed in the reactor on power by two coordinated fueling 
machines located at opposite ends of the reactor, each on the underside of a bridge. 
The bridges move vertically, whereas the machines move horizontally. In an on-power 
refueling operation, both machines locate, by remote control, onto an end fitting (3) 
of the selected channel. The machines pressurize themselves, then remove and store 
end closures and shield plugs. One machine then advances a fuel carrier containing 
the new fuel subassembly into the channel end fitting. Simultaneously the other machine 
extends an empty fuel carrier at the other end of the channel. The charge machine 
then rams the new fuel through a fuel latch into the channel, thus probing the spent 
fuel to enter the carrier in the discharge machine. The carriers are then withdrawn, 
the shield plugs and end closures are replaced, and the machines are detached from 
the end fittings. After the required number of bundles have thus been loaded, the 
discharge machine traverses to a spent-fuel port, where it jettisons the spent fuel to 
an underwater storage canal via a transfer mechanism and a conveyor. 

PROBLEMS 

10-1 A PWR powerplant pressurizer operates at a steady state at 2200 psia with a constant spray flow of 
8 IbJ'min from the cold leg at 552°F, Calculate the amount of heal added by the electric healers, in kilowatts, 
if the pressurizer heat losses to the ambient are 6144 Btu/h. 

10-2 A pressurized water reactor has inlet and exit water at 290 and 320°C, respectively It has a 30 m^ 
vapor pressurizer which is normally 60 percent full of water at a pressure of 140 bar. A case of an insurge 
occurred during which 0.25 m^ of water entered the pressurizer from the primary circuit hot leg, 0.05 m^ 
entered through the spray, and 50 kWh was added by the electric heaters. Determine the internal energy 
of the pressurizer contents before and after the event, in kilojoules. Ignore heat losses to the ambient. 
10-3 A pressurized-water reactor operating at 2000 psia has primaiy water entering at 550°F and leaving 
at 610°F. A 1000-ft^ pressurizer is normally half full of water. Dunng a transient the pressure rose to 2100 
psia, 200 lb„ of spray water entered the pressurizer, and the pressurizer became 60 percent full of water. 
Ignoring heat losses to ambient, calculate the amount of heat added by the electric heaters, in kilowatt 
hours. 

10-4 A PWR operates at 2000 psia and bOO^F hot leg. It has a 1000 ft^ pressurizer which is normally half 
full of water. The primary loop is 10,000 ft^ in volume. The hot leg temperature suddenly rose to 605^, 
Calculate (a) the final composition of the pressurizer, and (6) the final system pressure. Ignore spray flow 
and heat. 

10-5 Repeat Prob 10-4, except for the case when the hot-leg temperature dropped to 595°F. 

10-6 It is desired to design a vapor pressurizer for a PWR that operates normally at 2200 psia. The primary 
loop has a volume of 8000 ft^ and a hot-leg temperature of blOT. The pressurizer is to be normally 60 
percent full of water and designed to prevent a system pressure rise of more than 1 percent for a lOT hot- 
leg temperature rise. Ignoring the spray and heat added or lost to the ambient, calculate the necessary 
pressurizer volume. 

10-7 Derive Eq. (10-7) for gas pressurizers. 

10-8 Repeat Prob. 10-6, but design a gas pressurizer. Assume two gases (a) argon and (b) helium, and 
calculate the pressurizer volume for each with the polytropic exponent corresponding to isothermal and to 
adiabatic reversible processes. Compare these volumes to that of the vapor pressurizer of Prob. 10-6. 
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10-9 A sodium-cooled reactor has 5000 ft of primary coolant at an average temperature of 1400**R. A 
cover gas of argon acts as a pressurizer. Calculate the volume of argon necessary to limit the pressure rise 
to 1 percent for a coolant temperature rise of lOOT. Use a jxjlytropic exponent corresponding to an (a) 
isothermal and (b) adiabatic reversible process. 

10-10 A sodium-cooled reactor has 20,OCX) ft- of pnmary coolant at 600 psia and 1300°R average, and 
8000 ft"' of argon cover gas. Find the pressure rise, in pounds per square inch, if the coolant average 
temp>erature rose to 1400°R. Assume that the gas is compressed adiabatically and reversibly. 

10-11 A PWR primary loop is 8000 ft’ in volume and operates at an average temperature of 580°F. It has 
a lOOO-ft’ vapor pressurizer which normally contains 60 percent water by volume at 2200 psia An accident 
occurred in which the relief valve suddenly stuck in an open position and fluid discharged to the relief tank. 
The system pressure steadily dropped to 1600 psia. during which time the electnc heaters were fully activated 
to help slow down the rate of pressure drop. At 1600 psia, the primary loop average temperature was 550°F, 
the pressunzer was 95 percent full of steam, the healers were turned off to protect them against overheating, 
and the emergency core cooling .system (ECCS) was activated. This replenished the primary loop with 
water to prevent uncovering and damage to the fuel elements. The relief tank is assumed to remain at nearly 
atmosphenc pressure, but there is a 15.3-psi pressure drop in the line connecting it to the pressunzer relief 
valve Ignoring the effect of spray and heat losses to ambient, calculate (u) the initial mass comp<.)sition of 
the pressurizer, in pounds mass, (h) the condition of the fluid leaving the relief valve at the instant it opened 
(pressure, temperature, and quality or degree of superheat), (r) the total loss of fluid from the primary loop 
(before ECCS) assuming for simplicity that its temperatures remained the same, in pounds mass, and icl) 
the condition of the fluid leaving the relict valve at the instant the ECCS came on the line, 

10-12 A PWR powerplanl producing 10^ lb,„/h of IKX) psia saturated steam uses reheat from live steam 
(similar to that in Fig. 10-14). The high- and low-pressure turbines exhaust at 250 and I psia, respectively. 
For simplicity, assume that both turbines and pump are adiabatic reversible, that there are no feedwater 
healers, and that the reheater drain is returned to the steam generator. Calculate (a) the fraction of live 
st'-am that is diverted to the reheater, if steam is reheated to 550°F. ih) the cycle net power, in megawatts, 
and (c) the cycle efficiency. 

10-13 Calculate the gross station heat rate, in Btus per kilowatt-hour, and the thermal efficiency of the 
PWR powerplanl shown in Fig. 10-14. 

10-14 A chemically shimmed PWR uses 3.50 percent enriched fuel with a water-to-fuel ratio of 2.9. It 
has 4 percent worth control rods which are 30 percent inserted in the core The boron concentration is 1600 
ppm, hot conditions. Find (a) the axial to average power density ratio, (h) the total core reactivity, percent, 
and (r) the rod insertion and approximate boron concentration that would result in a 5 percent reduction in 
axial to average power density for the same total core reactivity as in 

10-15 A chemically shimmed PWR uses 3.05 percent ennehed fuel and a waier-lo-fuel ratio of 3.4. It is 
required to vary the reactivity of the core by I percent with rod insertions of 30 percent minimum and 60 
percent maximum, without causing the maximum-to-average power density to exceed I 72. Find (a) the 
total rod worth, percent, and (h) the boron concentration that would be required for a total core reactivity 
of 16 percent (hot conditions). 

10-16 A boiling-water reactor operating at a pressure of 70 bar produces 1200 kg/s of saturated steam from 
feedwater at 200'’C. The average core exit quality is 10 percent Calculate (u) the recirculation ratio, {h) 
the core inlet enthalpy, in kilojoules per kilogram, and temperature, in degrees Celsius, (c) the degree of 
subcooling, in degrees Celsius, and (d) the heat generated in the reactor, in megawatts 
10-17 A 1000 MW boiling-water reactor powerplanl with 33 percent efficiency was operating at a 75 percent 
of rated load with a steam mass flow rale of 1150 kg/s, a reactor core pressure of 70 bar, and an average 
exit quality of 13.6 percent. The plant uses recirculation control. Find (a) the feedwater temperature, in 
degrees Celsius, (b) the core degree of subcooling, in degrees Celsius, (r) the downcomer flow at 75 percent 
load, (J) the average exit quality immediately after initiation of load change to 80 percent, and when load 
has changed to 80 percent, and (e) the steam and downcomer flows, in kilograms per second after load 
change. 

10-18 A forced-recirculation BWR core operating at 1000 psia generates 2500 MW. The core average exit 
quality is 10 percent. The average core and downcomer densities are 40 and 50 lb,Jft’, respectively The 
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core is 12 ft high. Feedwater is added at top of downcomer. The total flow pressure losses are 6 psi. Find: 
(a) the core inlet temperature and enthalpy, (b) the steam generated, in pounds mass per hour, (c) the 
natural driving pressure, in pounds force per square inch, and (d) the pump power in kilowatts required to 
supplement the natural driving pressure if its efficiency is 0.75. (Note power = m AP/pTf.) 

10-19 Calculate the gross station heat rate, in Btus per kilowatt hour, and the thermal efficiency of the 
BWR powerplant shown in Fig. 10-27. 

10-20 A pebble-bed reactor has a 14 ft diameter, 15-ft-high core containing 2.4-in-diameter fuel elements. 
The helium coolant flow is 1.36 x 10* lb„yh at a pressure of 40 atm and core inlet and outlet temperatures 
of 320 and 1380^, respectively. The blowers arc 70 percent efficient and the pressure drop in the primary 
system is 50 percent greater than in the core alone. Find (a) the blower work, in megawatts, (b) the core 
heat generation, in megawatts, and (c) the steam generator capacity, in megawatts. (The pressure drop in 
a randomly packed pebble reactor in pounds force per square foot is given by 

1.56 X l(r* (H/d^ (pP ^Vp) G' 

where = core height, ft 

d = pebble diameter, ft 
p = gas viscosity, lb,„/ft h 
p = gas density, Ib,n/ft’ 

G = apparent gas mass velocity, \bjh • ft^ based on the total bed cross-sectional area) 



CHAPTER 

_ ELEVEN 

FAST-BREEDER REACTORS AND POWERPLANTS 


IM INTRODUCTION 

The growth of nuclear power in the world’s electric utility industry to date has primarily 
relied upon water-cooled and gas-cooled thermal neutron reactors. These are burners 
that in effect consume fissionable fuel with low conversion ratios (Sec, 11-2). The 
expected continued growth in the use of nuclear power and consequent consumption 
of available nuclear fuels have prompted the reevaluation of long-term goals. Ways 
of conserving uranium reserves and of keeping fuel-cycle costs down as fuel costs go 
up are therefore being sought. The fast-breeder reactor is the logical step in that 
direction. 

Fast reactors are those whose neutrons are not slowed down to thermal energies 
by a moderator. Coolant and other reactor matenals, however, moderate the neutrons 
to a certain extent in a fast reactor so that the neutron spectrum extends from fission 
energies that may be as high as 17 MeV but average about 2 MeV down to about 0.05 
or 0.1 MeV. A hard-spectrum fast reactor is one in which the neutron density distri¬ 
bution extends over a narrow range nearer the high end of the energy spectrum. A 
soft-spectrum fast reactor, on the other hand, is one in which more moderation occurs, 
such as by liquid sodium and oxide fuels; hence the distribution extends to lower 
energies. A breeder reactor is one in which more fissionable fuel is produced than is 
consumed, or one that has a conversion, or breeding, ratio greater than 1, 

Present-day burner reactors produce some Pu^^^ from the in their fuel. Some 
of this plutonium is burned during the life of the core, but some remains. The remainder 
can be used to fuel initial fast-breeder reactors in a reactor “mix” until a self-supporting 
fast-breeder-reactor system is at hand. Such a system would convert the abundant 
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(99.3 percent of all natural uranium) to fissionable Pu^^^ and hence extend our fuel 
reserves for centuries to come. 

Table 11-1 lists the U.S. energy reserves as compiled by the Departments of 
Commerce and Energy in the late 1970s. The figures are best estimates and could be 
off by a factor of 2. This does not materially alter the conclusions, which are equally 
valid for the rest of the world. 

A quad (Q) is a quadrillion, or 10*\ Btu, or roughly 10*^ J. At present, U.S 
energy consumption is about 60 Q/year, of which about 20 Q are consumed in the 
generation of about 8 Q of electricity. The balance is used for domestic services, 
industrial processing, and transportation. The “Years” column in Table 11-1 shows 
the time before depletion at present rates of consumption, if the particular fuel cited 
is used alone for all energy. “Present reactors” in the “Remarks” column refers to 
water-cooled thermal reactors (PWR and BWR). With breeding, our fuel resources 
are extended about 55 times from 50 to 2750 years. If an economical way is found 
to mine low-grade ores containing 1/55 as much uranium, we would have another 
factor of 10 to 12 to over 30,000 years. If the 0.003 ppm known to exist in sea water 
were extracted (the means are not yet available), the uranium reserves would be 
sufficient to supply the world for 1 or 2 million years. (Here would be a good use of 
solar energy to evaporate water from the sea.) These figures may seem overly opti¬ 
mistic, but they do dramatize the need to develop the fast-breeder reactor as a necessary 
power producer for the next century and probably beyond. Fusion has not yet been 
scientifically demonstrated and is not expected to make a big dent in that picture for 
some time to come. 

Fast reactors have been built in the United States, the United Kingdom, the Soviet 
Union, France, Japan, and Germany, and Italian and Indian efforts are underway 
(Table 11-2). Some early reactors were cooled by NaK or mercury, but the majority 
are cooled by Na. Fuels varied from uranium and plutonium in the form of metal 
alloys, oxides, or carbides. The majority now favor the mixed-oxide fuel Pu02 - UO 2 

The first fast reactor was built in the United States in 1946. Called Clementine,* 


* Named after the ballad “In a cavern, in a canyon . . . Excavating for a mine . . . dwelt a miner, forty 
niner . . . and his daughter Clementine. . . 49 was the code number for plutonium in World War II, and 

the reactor was built in a cavern. 


Table 11-1 Energy reserves in the United States 


Fuel 

Quads 

Years 

Remarks 

Coal 

5000 

60 


Oil 

500 

6 


Gas 

500 

6 


U 3 O* 

1600 

20 

No breeding 

UsOg 

4000 

50 

Present reactors 

UjOb 

220,000 

2750 

Breeding; high-grade ore 

U 3 O, 

>2,500,000 

>30,000 

Breeding; all economic ore 
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Table 11-2 The world’s fast-breeder reactors 


Country 

Reactor 

Power 

MW(t) 

Power 

MW(e) 

Coolant 

Design 

Initial fuel 

Status* 

USA 

Clementine 

0.025 

— 

Hg 


Pu metal 

1946,D 


LAMPRE-1 

1 

— 

Na 


Molten Pu 

D 


EBR-I 

1.4 

0.2 

NaK 


U metal 

1951,D 


EBR-II 

62.5 

16.0 

Na 

Pool 

U metal 

I%3,0 


Enrico Fermi 

200 

62 

Na 

Loop 

U metal 

1966,D 


SEFOR 

20 

— 

Na 

Loop 

Pu02-UO^ 

D 


FFTF 

400 


Na 

Loop 

PUO 2 -UO 2 

1980,0 


CRBR 

975 

350 

Na 

Loop 

PUO 2 -UO 2 

1987,C 


CDS 

2550 

1000 

Na 

Loop 

PUO 2 -UO 2 

1992,P 

USSR 

BR-1 

0 

— 



PuU metal 

D 


BR-2 

0.1 

— 

Hg 


Pu metal 

D 


BR-5/10 

10 

— 

Na 

Loop 

Pu metal 

1959,0 


BOR-60 

60 

12 

Na 

Loop 

PUO 2 -UO 2 

1%9,0 


BN-350 

1000 

350 

Na 

Loop 

PUO 2 -UO 2 

1972,0 


BN-6(X) 

1470 

600 

Na 

Pool 

PUO 2 -UO 2 

1980,0 


BN-1600-1 

4200 

1600 

Na 

Pool 


1990,P 

FRANCE 

Rapsodte 

40 

— 

Na 

Loop 

U metal 

1%7,0 


Ph<3nix 

563 

250 

Na 

Pool 

PUO 2 -UO 2 

1973,0 


Super Phdnix I 

3000 

1200 

Na 

Pool 

PUO 2 -UO 2 

1983,C 


Super Ph^nix 2&3 

3750 

1500 

Na 

Pool 

PUO 2 -UO 2 

1990-91,P 


Super Ph6nix 3&4 

3750 

1500 

Na 

Pool 

PUO 2 -UO 2 

1992-93,P 

UK 

Dounreay 

60 

13.5 

NaK 

Pool 

U metal 

1962,D 


PFR 

600 

250 

Na 

Pool 

PUO 2 -UO 2 

1974,0 


CDFR-1 

3250 

1300 

Na 

Pool 

PuU metal 

I992,P 

GERMANY 

KNK-2 

58 

20 

Na 

Loop 

UO 2 

1977,0 

(FRG) 

SNR-300 

762 

327 

Na 

Loop 

PuU metal 

1985,C 


SNR-2 

3250 

1300 

Na 

Loop 

PuU metal 

1993.P 

JAPAN 

JOYO 

75-100 

— 

Na 

Loop 

PUO 2 -UO 2 

1977,0 


MONJU 

714 

300 

Na 

Loop 

PUO 2 -UO 2 

1987,C 


DFBR 

2800 

1000 

Na 


PUO 2 -UO 2 

I993,P 

ITALY 

PEC 

135 

— 

Na 

Loop 

C 

c 

p 

1983,C 

INDIA 

Madras FBTR 

42 

17 

Na 

Loop 

PU 02 -U 02 

1983.C 


* Dates of initial or expected operation; C-under construction; D-decomimssioned, 0-operating, P-in the 


planning-design stage 


it was plutonium-fueled, produced 25 kW(t), was mercury-cooled (one of only two 
to date), and has long been shut down. The main initial effort was the Experimental 
Breeder Reactors EBR-1 and EBR 11 [102]. The 200 kW(e) EBR-1 was the first reactor 
of any kind to produce electricity in the United States. Construction began in November 
1947; it achieved criticality in August 1951 and produced electric power in December 
1951. It was NaK-cooled and used a stainless steel-clad fully enriched 2 percent 
zirconium-uranium alloy for fuel and a stainless steel-clad natural-uranium external 
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blanket. It was discontinued after demonstrating the feasibility of fast reactors and 
breeding. EBR-II is a 62.5-MW(t), 20-MW(e), sodium-cooled reactor fueled with 
stainless steel-clad 49.5 percent enriched-uranium-alloy. The blanket is stainless steel-clad 
depleted uranium. EBR-Il has an integrated fuel manufacturing and reprocessing fa¬ 
cility and will operate on a fuel-recycle basis, ultimately with plutonium. These reactors 
were followed by Enrico Fermi [3] and the experimental reactors SEFOR [3] and 
FFTF. A 350-MW(e) demonstration plant, the Clinch River Breeder Reactor (CRBR), 
was under construction in the early 1980s (Sec. 11-4). 

The British effort is centered around Dounreay [103] and PFR. The first is NaK- 
cooled with tubular fuel clad in vanadium on the inside and partly finned niobium on 
the outside. Natural uranium is used in external breeder blankets surrounding the core. 
Control is achieved by axially moving 12 fuel assemblies (of 10 fuel rods each), 
situated around the periphery of the core. These are divided into two safety, six control, 
and four shutoff assemblies. A large 1300-MW(e) reactor, CDFR-1, is in the planning- 
design stage. 

The USSR effort includes three experimental reactors built since 1955. BR-1 is 
PuU-fueled and U-reflected, designed to carry out cross-sectional measurements al 
various neutron energies. BR-2, Pu-fueled and mercury-cooled, was used to test nuclear 
parameters, breeding ratios, and liquid metals. BR-5 (upgraded to BR-10) is UC- 
fueled, sodium-cooled, with a uranium-nickel blanket. The program includes three 
operating reactors; BOR-60; BN-350, a dual-purpose reactor that produces 150 MW(e) 
and process steam for a 120,000-mVday water desalination plant; and BN-600, a 600- 
MW(e) power reactor. A 1600-MW(e) plant, BN-1600-1, is in the planning-design 
stage. 

France has what must be considered the most ambitious program. It started with 
Rapsodie, a 20-MW(t) sodium-cooled and plutonium-uranium-oxide-fueled reactor. A 
600-MW(t), 250-MW(e) reactor, the Phenix,* has been in operation since 1973 and 
has given excellent service. Under construction and in the planning stages are the 
Super Phdnix class of reactors (Sec. 11-5). 

Gas-cooled fast-breeder reactors are recieving some attention in the United States 
and elsewhere (Sec. 11-6). 


11-2 NUCLEAR REACTIONS, CONVERSION, AND BREEDING 

A typical neutron-flux spectrum in a liquid-metal-cooled fast realtor compared with 
that in a water-cooled thermal reactor is shown in Fig. 1 l-I. The objective in the latter 
is to maintain a chain reaction with thermal neutrons having energies below 1 eV. In 
a fast-breeder reactor, the objective is to maintain a chain reaction with fast neutrons 
that have an average energy of about 1 MeV by fission in U^^'' and Pu^^’. It also must 
provide additional fast neutrons sufficient to convert U^^® to Pu^^^. 


* Named after the mythical, beautiful, lone Egyptian bird which lived in the desert for 500 or 600 years 
and consumed itself in fire, then rose from the ashes to start another long life. It has become a symbol of 
immortality. 
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Ne\itron ciK'ipy l'V 


Figure 11-1 Typical neutron flux 
spectra for last (LMFBR) and ther¬ 
mal (PWR) reactors. 


Typical fission reactions in fast reactors are the same as those in thermal ones, 
as tor example 
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A typical nonfission reaction is the one that occurs in the sodium coolant, which is 
composed of 100 percent Na-^ 

nNa^'* ^ i.Mg’- + .If" 



where Na^"* is a highly radioactive isotope that emits 2.76 MeV y radiation and 1.3 
MeV p decays with a 14.8-h half-life to stable 

A fast neutron reaction with results in a senes of reactions that culminate in 
Pu^^^, shown in Fig. 11-2 and given by 

+ o«' + y \ 




} (11-5) 
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Figure 11-2 Schematic of the breeding chain. 


This is a breeding reaction that converts fertile into fissionable We will 

now define two important fuel parameters. These are: 

p = the average number of neutrons emitted per fission, as in Eqs. (11-1) to ( 11 - 
3 ). V depends primarily on the fissile isotope, and to a lesser degree on neutron 
energy. It is highest for fast fission in plutonium, being about 3.0. 
r) = the fission factor, equal to the average number of neutrons emitted per neutron 
absorbed (and not necessarily causing fission). 17 is a strong function of neutron 
energy (Fig. 11-3). 


The Conversion and Breeding Ratios 

When a neutron is absorbed in the fuel, it produces 77 neutrons. One of these must 
be reserved for further absorption to keep the reaction going. There will also be losses 
by parasitic capture in reactor coolant and materials of construction and by leakage. 
These losses we will designate L, neutrons lost per neutron absorbed. The rest of the 
neutrons per neutron absorbed will be available for the breeding reaction, Eq. (11-5), 
and are called the conversion or breeding ratio C, or 

C = ri - ] - L ( 11 - 6 ) 

The maximum possible C, Cmax» is obtained if L were zero, or 

C^X = TJ - 1 (11-7) 

Depending upon 77 and L, C can be much less than unity, and the reactor is called 
a burner. A reactor with a low C is generally called a converter. One with high C 
but less than 1 .0 is called an advanced converter. For C less than 1.0, it can be shown 
[104] that there is a maximum theoretical limit to the amount of fertile nuclei that can 


* Some two billion years ago in what is now Gabon in Africa, large deposits of natural uranium ore, 
more enriched than now (about 3 percent), mixed with geologic water causing thermal fission. The low- 
power-density but huge natural reactors (at least six were identified) stayed critical for many centuries 
Some U”* was converted to Pu^^, showing that not all plutonium is manufactured. 
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Figure 11-3 The variaiion of the fis¬ 
sion factor 7] with neutron energy for 
three fissionable nuclei. 


be converted to fissionable nuclei. This maximum depends upon both C and the initial 
number of fissionable nuclei. 

C = 1 means that the reactor is producing a number of fissionable nuclei equal 
to what it consumes; C > 1 means that there is no limit to conversion. In both these 
cases it is theoretically possible to consume all fissionable and fertile nuclei present. 
In practice, however, as with burner reactors, the fuel elements must be reprocessed 
and replaced periodically because fission products absorb neutrons and reduce reactivity 
or because of metallurgical considerations. A reactor with C 1 is a breeder. 

The term breeding ratio has the same meaning as conversion ratio. Breeding (or 
conversion) gain G is the gain in fissionable nuclei per fissionable nucleus consumed. 
Thus 

G = C- I-7?-2-L (11-8) 

and a maximum gain, is 

- 1 = T, - 2 (11-9) 

Average values of v, rj, and G^ax given in Table 11-3 for fissionable fuels for 
broad thermal and fast neutron energy ranges and for fertile materials for fast neutrons. 

Allowing for the fact that L is not zero, it can be seen that best breeding can 
occur in fast reactors fueled with Pu^^^ (and which is not readily available), 

followed by and In thermal reactors, good conversion or breeding can be 
expected only from hence the use of Th”^ as a fertile fuel in gas-cooled thermal 
reactors (Sec. 10-11). Th^^^ breeds in reactions similar to those of breeding 
Pu”’. 
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Table 11-3 Fuel production constants 


Constants 



Fissionable fuels 




Fertile 

Materials 


Thermal 



Fast 


Fast 

U233 

U235 

Pu239 

Pu^^' 

U233 

U235 

PU239 

Pu^*' 

Th232 

U238 

^f* 

527 

577 

790 

1000 

2.2 

1.4 

1.78 

2.54 

0.025 

0.112 

O'a* 

580 

675 

1185 

1400 

2.35 

1.61 

2.05 

2.83 

— 

0.273 

P 

2.51 

2.40 

2.90 

2.98 

2.59 

2.50 

3.0 

3.04 

2.04 

2.6 

V 

2.28 

2.06 

2.10 

2.13 

2.42 

2.20 

2.6 

2.73 

2.0 

2.27 

Cmo 

0.28 

0.06 

0.10 

0.13 

0.42 

0.20 

0.6 

0.73 

0 

0.17 


* In bam. 


The Doubling Time 

Of economic importance to a breeder reactor is its doubling time. This is the time 
required to produce as many new fissionable nuclei as the total number of fissionable 
nuclei that are both normally contained in the core and tied up in the reactor fuel cycle 
(i.e., in fabrication, reprocessing, etc.). In general, doubling times range between 10 
and 20 years, the shorter the better. 

The number density of new fissionable nuclei produced in a breeding reactor 
during time 0, nuclei/cm\ may be given by 

AN, = ANffG = AN^j] - 2 - L) (11-10) 

but ANff = FXNo)ffi(Tjff'^ 6 (11-11) 


where 


ANff = number of original fissionable fuel nuclei 
consumed (by neutron absorption) during 
time 8 per cm^ 

= number of fissionable fuel nuclei present in 
the core and tied up in the fuel cycle at 
arbitrary time 0, nuclei/cm^ 

F, = fraction of {No)ff that is in the core, 
dimensionless 

= microscopic absorption cross section of 
fissionable fuel, cm^ 

^ = average reactor neutron flux, neutrons/s ■ cm^ 


6d, called the simple doubling time, by definition, occurs when AN, = (A^oV 
Thus 


-2- L) 


( 11 - 12 ) 
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Note that 6^ is shortened by operating at high power levels (high (f>) and that it 
is also inversely proportional to the breeding gain (17 - 2 - L). In practice 8^ slightly 
increases with reactor life because L increases with fission product buildup, as a result 
of the finite time required after start-up to build up the fissile inventory in a breeder- 
reactor blanket (a region surrounding the core that contains fertile material), the time 
taken for fuel and blanket element reprocessing, the economics of reprocessing, etc. 
It is economically desirable to have doubling times short enough that new Pu^^’ 
inventories are continually provided for new breeders. In other words, the plutonium 
is thought to be invested and the dividends are compounded. This gives rise to a 
compound doubling time, related to Sj by 


0.6931 

In [1 + ( 1 / 0 ,)] 


(11-13) 


and ddc may be based on core inventory only (excluding fuel cycle inventory). 
Thus Fc = 10 and their values would be shortened. 


11-3 LMFBR PLANT ARRANGEMENTS 

Because sodium and other liquid metals suffer from high induced radioactivities, Eq. 
(11-4), and are generally chemically active, intermediate coolant loops are used be¬ 
tween the primary radioactive coolant and the steam cycle (Fig. 11-4). The intermediate 
coolant is usually also a liquid metal, often Na or NaK. The intermediate loop guards 
against reactions between the radioactive primary coolant and water. Such reactions 
result, among other things, in the radiolytic decomposition of steam-generator water 


Na Na Steam 



Ftpire 11-4 Schematic arrangement of a liquid-metal fast-breeder reactor (LMFBR) powerplant. 
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by the strong 7 radiations emitted by Na^'’. The intermediate loop also ensures against 
the high pressure water or hydrogen entering the reactor. 

There are two primary-loop designs that are being considered. These are ( 1 ) the 
loop, or pipe, type and ( 2 ) the pool, tank, or pot type. 

The loop type, represented schematically in Fig. 11-5, is the more conventional 
of the two, being the design used in all U.S. operating sodium-cooled plants to date 
with the exception of EBR-II. In it, the reactor vessel, heat exchangers, liquid metal 
pumps, and other components of the primary system and their interconnecting piping 
are separated within a large building containing an inert atmosphere to preclude sodium 
fires in case of a sodium leak. The major advantages of this design are the accumulated 
experience with it and the separation or decoupling of the components of the pnmao 
system. It has the disadvantage of large and multiple shielding of pipeways, equipment 
cells, and of the large and complex structure resulting from the spread of the com 
ponents. The design of the interconnecting piping is complex and requires expansion 
loops to accommodate thermal expansion. Stress concentrations at the pipe-reactor 
vessel joints pose critical problems. Breaks or leaks in the piping system may seriously 
affect reactor-core cooling. Leaks also would necessitate extended shutdowns for 
repairs. 

In the pool system, represented schematically in Fig. 11-6, the entire primary 
system, including reactor, primary heat exchangers, and pumps, is submerged in a 
large tank filled with molten sodium. That tank is part of the primary coolant loops 
The heat exchangers discharge coolant directly into the tank, and the pumps receive 
coolant directly from it. The main advantages of the pool design are the relative 
insensitivity to sodium leaks in the primary system and a more compact primary-system 
arrangement. The disadvantages result from the close coupling of the various com¬ 
ponents, which leads to accentuated mechanical and thermal interactions, and the 
rather complex structure of the pool closure that must serve the multiple functions of 
shield, inert gas closure, and support of equipment above and must contain all the 
necessary penetrations to the components. 



Primary heat exchanger 


Figure 11-5 Schematic of a IcK^p- 

type LMFBR. 
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In general, it is now believed that the pool system has the edge in safety and 
economy while the loop system has the edge in that it is a straightforward mechanical 
design. Both types are being used in current designs. The pool is used in French, 
British, and recent USSR designs. The loop is used in U.S., early USSR, German, 
and Japanese designs (Table 11-2). 

The next two sections cover the Clinch River Breeder Reactor Project, an American 
demonstration plant of the loop design, and Super Ph6nix, a French commercial-size 
plant of the pool design. 


11-4 THE CLINCH RIVER BREEDER REACTOR PROJECT 

The Clinch River Breeder Reactor (CRBR) project is a demonstration liquid-metal 
fast-breeder reactor plant. It is owned by DOE with Weslinghouse as primary contractor 
with responsibility for reactor and primary heat-transfer system manufacturing. General 
Electric is responsible for the intermediate heat-transport and steam-generation systems 
and turbine-generator manufacturing, and Rockwell International is responsible for 
refueling and auxiliary maintenance systems. Several subcontractors are entrusted with 
various component design and manufacturing. Bums and Roe is the architect-engineer, 
and Slone and Webster is the constructor. CRBR is situated on 100 acres of a 1364- 
acre TV A site on the Clinch River near Oak Ridge, Tcnn. Figure 11-7 shows a general 
layout of the plant [105]. 

CRBR has been facing economic and political delays because of cost overruns 
and governmental caution against the universal production of plutonium and its im¬ 
plications regarding nuclear weapons proliferation. This argument may be answered 
by the fact that plutonium production can be accomplished easier, faster, and cheaper 
by means other than a complex LMFBR. Because of the need for fast-breeder reactors 
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Flflire 11-7 Layout of the Qinch River Breeder Reactor (CPBR) powerplant. {Figures 11-7 through 11-J8 courtesy Project Management Corporaiion ) 
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to expand our dwindling energy supplies, there is optimism that CRBR will eventually 
be completed. Initial startup is now planned for the late 1980s 

CRBR is a loop design, so chosen to utilize experience gained by Westinghouse 
from the Fast Flux Test Facility (FFTF), also a loop design. It is designed to produce 
315 MW(e) gross from 975-MW(t) reactor thermal power. Table 11-4 lists some design 
data of CRBR. 

Reactor core Figure 11-8 shows a cross section of the CRBR reactor core. It is 
composed of 156 fuel assemblies containing a mixed oxide fuel (PUO 2 -UO 2 ), inter¬ 
spersed with 76 inner blanket assemblies, 6 assemblies that are used alternately for 
fuel or inner blanket, and 15 control assemblies. This mix is surrounded by 132 radial 
blanket assemblies which is turn are surrounded by 306 removable radial shield as¬ 
semblies. All assemblies are contained within hexagonal ducts having the same external 
dimensions. Refueling is planned annually. 


Table 11-4 Design data of the Clinch River breeder-reactor plant 


Power 

Fuel 

Fuel elements 


Blankets 
Control rods 
Core 

Maximum neutron flux 
Power peaking factor 
Linear power rating 
Fuel bumup 
Breeding ratio 
Core lemperatures 

Pnmary pumps (3) 

Intermediate systems (3) 

Steam systems (3) 


Turbine 

Generator 

Dimensions 


Gross thermal efhciency 


375 MW(e) gross, 975 MW(t) 

Pu0rU02 mixed oxide, 1511 kg fissile Pu at beginning of life 
0.23-in (5.8-mm)-diameter rods, SS-316 clad, pitch-diameter ratio 1.26 
spaced on a triangular array by spiral wire wraps, 217 rods per 
assembly. 156 assemblies 

Depleted UO 2 , 76 inner biajikel and 132 radial blanket assemblies 
Nine primary worth '-$22, six secondary worth ~$13 
6,2-fl (I.89-m) diameter, 3.0 ft (0.91 m) high 
5.5 X 10*' 

1.28 axial, 1.18 radial at beginning of cycle 
16 kW/ft (52.5 kW/m) peak, 14 3 kW/ft (46.9 kW/m) average 
80,000 MW ■ day/ton initial core, llO.OtX) peak 
I 24. 30-year doubling time 

Fuel cladding wall. max. 1215T (657°C); sodium 730°F (388°C) inlet, 
995°F (535°C) outlet 

33,7(X) gal/min (2.13 mVs) each, 458 ft (139.6 m) Na head, core pressure 
drop 123 psi 

Cold leg 65 TF (344“C), hot leg 936^ (502°C); pumps 29,500 gal/min 
(1.86 m'/s) each; 330 ft (100.6 m) Na head 
Two evaporators and one superheater per loop, 3.33 x 10* lb,yh (420 kg/ 
s) each, superheater outlet 906T (486°C), 1535 psig (105.8 bar), 
feedwater 468°F (242°C), to steam separator drum, 548°F (287“C) to 
evaporators 

3600 r/min tandem-compound, nonrehcat, six extractions to feedwater 
heaters, total extracted steam 1.15 x 10* lb„yh (145 kg/s) 

Synchronous 36(X) r/min, 485 MV A self-excited three-phase wye 
connected 60 Hz (6 17 m), 22,000 V, 0.9 power factor 
Reactor vessel 20.25 ft (6.17-m) diameter, 54,67 ft (16,66 m) high; 
intermediate heal exchangers, 8.8-ft (2.68-m) diameter, 52.1 ft (15.88 
m) high; steam generators 4.33-ft (1.32-m) diameter, 65.0 ft (19.81 m) 
high; containment 186 ft (56.7 m) diameter 
39% 
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The fuel-rod design is based on that of the FFTF. Each fuel assembly (Fig. 11- 
9) contains 217 0.23-in OD rods arranged in a triangular array and spaced by wire 
wraps of 12-in spiral pitch along the rod length, giving a rod pitch-to-diameter ratio 
of 1.26. Each fuel rod contains a 36-in-long stack of fuel pellets and two 14-in-long 
stacks of depleted UO 2 blanket pellets above and below the fuel pellets. The rods are 
316 stainless steel and are capped at top and bottom, with a fission gas plenum at the 
top. An axial spring prevents pellet movement during handling, preirradiation, and 
shipping. 

The inner and radial blanket assemblies (Fig. 11-10) contain 61 rods each, also 
on a triangular pitch and spaced by wire wraps. Each rod contains a 64-in-Iong stack 
of 0.470-in-diameter depleted UO 2 pellets. This length is equal to the total of fuel and 
upper and lower blankets in the fuel rods. The cladding is 0.506 in OD and 0.015 in 
thick. All blanket pellets breed plutonium from the depleted UO 2 , generate some of 
the power, and provide some of the shielding. 

The removable radial shield assemblies contain 19 rods each. Their principal 
function is to provide neutron shielding and to limit radiation damage to such reactor 
structures as the core barrel and pressure vessel. In addition there is a fixed stainless 
steel segmented-ring radial shield located between the removable assemblies and the 
core barrel. All shields are designed to ensure a 10 percent residual ductility for a 30- 
year design life. 

The control rod system is composed of nine pri.mary and six secondary hexagonal 
assemblies. The primary assemblies (Fig. 11-11) contain 37 pins each. The neutron 
absorber is boron carbide, B4C, 92 percent enriched in 8“^ and contained in a 36-in 
stack of pellets in each pin. The primary control rods are used for primary shutdown 
(scram) as commanded by a plant protection system and for reactivity control of the 
reactor. Their drive mechanisms are mounted on the intermediate rotating plug of the 
reactor closure head. The secondary control rods have the sole function of providing 
an independent backup shutdown for the primary rods. The two systems are designed 
to be independent and are not subject to the same mode failure. Either one can achieve 
reactor shutdown with the other completely inoperable and with one of its own control 
rods inoperative. 

The core is supported by a 24-in-thick type 304 stainless steel plate that is welded 
to the core barrel and through which 61 lower sodium inlet modules are positioned 
(Fig. 11-12). Each module supports seven of the fuel, control, inner and radial blanket, 
and some of the removable radial shield assemblies, for a total of 427. The modules 
have seven different configurations to control the sodium flow distnbution to the 
different assemblies. In addition, flow-control orifice cartridges provide intermediate- 
pressure sodium to the remaining shielding components and low-pressure sodium to 
the annulus between reactor vessel and core barrel. 

Located directly above the core is a welded internal structure made of 316 stainless 
steel with local Alloy 718 protection. Its principal functions are as backup core hold¬ 
down, for positioning instruments, mixing the core exit sodium and directing it to the 
upper region of the reactor vessel outlet plenum, and providing guidance and cross- 
flow protection for control-rod drivelines. A core restraint system, among other things, 
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Figure 11-11 CRBR primary control-rod assembly. 


maintains clearances between core assemblies that are subject to creep and swelling 
caused by fast neutron irradiation. 

The reactor The reactor vessel (Fig. 11-12) is 59 ft (18 m) high, almost 27 ft (8.23 
m) in diameter at its widest, and weighs 505 tons. Sodium enters through three 2-fi- 
diameter pipes and exits through three 3-ft-diameter pipes. Four smaller nozzles in 
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Figure 11-12 The CRBR reaelor sysicm 


the upper regions are for entry and exit of cover gas, sodium overflow, and makeup 
flow. The vessel wall is kept below 900°P by directing 2 percent of sodium flow into 
the annulus between the vessel and a 20-ft-diameter, 25-fl-long stainless steel thermal 
liner. A 22-ft-diameter, 47-fi-high guard vessel surrounds the liner and provides sec¬ 
ondary containment, which ensures that the core is always covered by sodium and 
that undamaged pipes can remove heat from it in the unlikely event of a leak from 
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the reactor vessel or piping. The whole reactor system is situated in a 40-ft-diameier 
reactor cavity. 

The upper closure head assembly (Fig. 11-13) contains various penetrations such 
as those for the control rod assemblies, as well as three independently rotatable plugs 
for positioning components of the refueling system. The smallest plug is nested within 
and eccentric to the intermediate plug, which, in turn, is nested inside and eccentric 
to the large plug. The plugs rotations in respect to the reactor vessel and one another 
provide straight pull access to fuel and other removable components. 

The heat-transfer system The reactor is connected to three primary loops, each in 
turn connected to one of three independent intermediate loops (Fig. 11-14). In each 
primary loop, sodium enters the reactor vessel at 730°F (388°C) and exits at 995°F 
(535T). A primary sodium pump, located in the hot leg, pumps the hot sodium to 
an intermediate heat exchanger (IHX) at the rate of 33,700 gal/min (2.126 m^/s) and 
a pressure of 175 psi (12 bar). The primary sodium leaves the IHX and returns to the 
reactor via a check valve and a flow meter. The primary piping is 1/2-in-thick welded 
stainless steel and has a 3-ft diameter between reactor and pump and 2-ft diameter 
between pump and IHX and between IHX and reactor. The primary pumps, IHXs, 
and some associated piping are surrounded with guard vessels for the same reasons 
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Figure 11-13 The CRBR reactor closure head assembly. 
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Figure 11-14 Plan view of the CRBR primary heat-transport system. 


as the reactor vessel. The whole reactor system is situated in a 40-ft-diameter reactor 
cavity. Argon is used as cover gas for sodium in the reactor and other components. 
(Argon is also used as cover gas for NaK, fuel handling cell atmosphere and other 
places, while nitrogen is provided for inerted cell atmospheres and other functions. 
An elaborate gas receiving, processing, and decontamination system is provided.) 

The sodium in each intermediate loop enters the IHX at 65 rp (344°C) and exits 
at 936°F (502°C) and 180 psi (12.4 bar) to go to the superheater, which it leaves at 
885°F (474°C). It then divides into two paths, each of which enters an evaporator. 
Sodium leaving both evaporators is combined and pumped by an intermediate cold- 
leg pump back to the IHX via a flow meter at 29,500 gal/min (1.86 m^/s) and 195 
psi (14,5 bar). Thus there are two pumps, one superheater, two evaporators, and a 
steam drum (below) for each of the three loops. The higher pressure of the intermediate 
sodium in the IHX ensures that any leakage would be from the intermediate to the 
primary side, thus preventing contamination by the highly radioactive primary sodium. 
All intermediate-loop piping is l/2-in-thick welded stainless steel 2 ft in diameter. 
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The total mass of operating sodium in the plant is 2,368,000 Ib^ (1,074,107 kg). 
This compares with 3,500,000 kg of sodium in the primary system plus 1,500,000 kg 
in the secondary system of the pool-type Super Ph6nix (Sec. 10-6). 

The primary- and intermediate-loop components are situated so that each com¬ 
ponent is above the one preceding it in the loop. This provides natural circulation of 
the sodium to remove decay heat from the core in the event of pump failure. 

The intermediate heat exchangers (IHX) The three intermediate heat exchangers 
(Fig. 11-15) are vertical, counterflow, and shell-and-tube units. They are rated at 325 
MW(t) each, are about 52 ft (15.88 m) high and 8.75 ft (2.667 m) in diameter, and 
weigh 115 tons, dry. Each contains 2850 tubes that are 0.875 in (2.225 cm) OD, 
0.045 in (1.143 mm) thick, 25.8 ft (7.86 m) in active length, and made of 304 and 
316 stainless steel. 

Hot primary sodium enters through a nozzle near the middle and is directed by a 
bypass seal assembly upward through a distribution cylinder at the top of the tube 
bundle. There it reverses direction, flows down on the shell side (outside the tubes), 
and exits at bottom center back to the reactor. Baffles are spaced along the path to 
distribute the flow and act as lateral tube restraints. 

Intermediate sodium, pumped from two evaporators, enters at the top, flows down 
a central downcomer to the bottom, reverses direction and flows upward through the 
tubes to the upper plenum, and leaves through a side exit nozzle near the top to the 
superheater. 

The steam-generating system Three steam loops (Fig. 11-16) are used. In each, a 
steam drum receives heated feedwater at 468°F (242°C) and 2032 psi (140.1 bar) from 
the steam power cycle, as well as saturated steam-water mixture from two evaporators. 
In the drum, steam separates from water and goes to the superheater. The water 
remaining is force-recirculated to the two evaporators by a recirculating pump (not 
unlike a forced external recirculation BWR, Sec. 10-7) and enters them at 548°F 
(287°C) and 2034 psi (140.2 bar). There, it receives heat from the intermediate sodium 
and leaves the drum as a mixture of steam and water at 628°F (33 TC) and 1896 psi 
(130.7 bar) of 50 percent quality at full load, corresponding to a recirculation ratio of 
2 : 1 . 

The separated saturated steam enters the superheater at 625T (329°C) and 1851 
psi (127.6 bar) where it receives heat from the hot intermediate sodium and leaves at 
906°F (486°C) and 1450 psi (100 bar). 

The evaporators and superheaters All evaporators and superheaters are essentially 
identical in design to minimize cost and spare parts (Fig. 11-17). They are shell-and- 
tube counterflow “hockey stick” design heat exchangers that are vertical except for a 
90° bend at the top. This provides for differential thermal expansion between the tube 
bundle and shell. Each is 65 ft (19.8 m) high and 4.33 ft (1.32 m) in diameter and 
weighs 115 tons, dry. Each contains 757 tubes that are 5/8 in (1.5875 cm) OD, 0.109 
in (2.7686 mm) thick, 46 ft (14.02 m) in active length, and made of Cr-Mo steel. 
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Evaporitori 



FIglire 11-16 CRBR steam-generation loop (one of three). 


Intermediate sodium from the IHX first enters the superheater, and sodium leaving 
the superheater enters each of the two evaporators, through a nozzle just below the 
bend, flows down on the shell side, and exits from two nozzles near the bottom. As 
in the IHX, baffles are spaced in that path to distribute the sodium and support the 
tubes. 
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Saturated steam enters the superheater, and water enters the evaporators, at bottom 
center; they flow upward through the tubes and exit horizontally at the top. 

The pumps The primary and intermediate sodium pumps are identical motor-driven, 
vertically mounted, single-stage, centrifugal 316 stainless steel units with double suc¬ 
tion impellers. They have an overall height, less motor, of 23 ft (7 m) and a maximum 
diameter of 8.5 ft (2.6 m) and have dry masses of 82 tons (primary) and 64.5 tons 
(intermediate). The impeller is supported above and below by two sodium-lubricated 
hydrostatic bearings that are fed by sodium from the pump discharge. Both suction 
and discharge occur at the bottom of assembly. Pressurized argon cover gas fills the 
space between the top of the sodium level (about halfway up the driveshaft) and a 
thermal shield. 

The drive motors are supported by one thrust bearing and two radial bearings 
each. They are variable-speed 50(X)-hp (3773.5-kW) units powered by vanable-fre- 
quency AC motor-generator sets. This allows a variable speed range that permits load 
following between 40 and 100 percent of full power. Independently-powered, constant- 
speed 75-hp (60-kW) pony motors provide power for sodium circulation dunng start¬ 
up, shutdown, and decay-heat removal. 

The steam plant A flow diagram of the steam plant at rated power is shown m Fig. 
11-18. The 3600-r/min turbine is composed of one high-pressure and three low-pressure 
sections. The total turbine inlet steam flow ftom the three superheaters is about 3,320,(XX) 
Ib^yh (418.3 kg/s) at full power. A deaerating single-pass condenser is located directly 
below and parallel to the turbine. Condensate at lOTF is pumped from the condenser 
hot well to a demineralizer consisting of three parallel mixed-bed ion exchangers (one 
always on standby) that provide full-flow demineralization. It then flows through three 
low-pressure closed feedwater heaters and one tray-type open deaerating heater, which 
also serves as a storage tank. Three boiler feedwater pumps (one always on standby) 
then pump the water to 2160 psi (148.9 bar) through three high-pressure closed feed- 
water heaters. The last one, called a tapping heater, uses blowdown from the steam 
drums to heat the feedwater instead of bleed steam from the turbine as usual. Feedwater 
leaves the tapping heater at 468°F and goes to the three steam drums via regulating 
valves. A total of 1,150,0(X) lb,,/h (145 kg/s) of steam is bled from the turbine for the 
six feedwater heaters. This is about 34.6 percent of the steam entering the turbine 
high-pressure stage. 

The turbine drives a 416-MW, 22,000-V, 60-Hz, 0.9 power-factor generator. The 
generator is a totally enclosed three-phase wye-connected single winding machine with 
a hydrogen-cooled rotor and water-cooled stator. 


Heat sink Heat rejection from the main condenser and miscellaneous component 
cooling water systems is accomplished by three pumps that deliver 185,200 gal/mm 
(11.68 m^/s) of cooling water. This water is in turn cooled by a forced-draft, coun¬ 
terflow wet-cooling tower capable of handling full turbine and component cooling 
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Figure 11-18 CRBR steam powerplant flow diagram, data at rated power 
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loads with 76°F wet-bulb temperature air yielding a turbine back pressure of less than 
5 inHg. Makeup due to evaporation, drift, and blowdown in the cooling tower is 
provided by approximately 5790 gal/min (0.365 mVs) of Clinch River water drawn 
in via two submerged perforated pipes about 75 ft (23 m) from shore. There is 
continuous cooling-tower blowdown to the river at about 2210 gal/min (0.14 mVs) to 
control chemical levels in the cooling water while meeting environmental standards 
on discharge to the river. 

Residual heat removal There are three modes of removing reactor decay heat in the 
case of plant malfunctions. These are (1) steam bypass, (2) steam-generator heat 
removal, and (3) reactor heat removal. 

Steam bypass This is the case of turbine trip, nonoperation, or malfunction, but power 
is available to condensate and feedwater pumps. Steam is diverted around the turbine 
directly to the condenser by closing the turbine throttle valve and opening a bypass 
valve in a bypass line between the main steam line and the condenser. The steam, 
which becomes superheated upon throttling by the bypass valve, is desuperheated, 
condensed in the condenser, and then recycled to the feedwater line. 

Steam generator heat removal This is the case where power is not available to the 
condensate and feedwater pumps. Initially steam is dumped directly to the atmosphere 
via steam atmospheric dump valves after the superheaters. Makeup water to the steam 
drums to compensate for this steam loss is supplied from a 72,(XX)-gal (273 m^) storage 
tank by three auxiliary feedwater pumps, one steam driven and two electrically driven. 
This continues until sufficient heat is removed and cooling can be handled by air¬ 
cooled condensers and no makeup water is required. These condensers are situated 
above the steam drum so that natural circulation between them can take place. 

Reactor heat removal This is an independent system that removes heat directly from 
the reactor during steam-generator maintenance or severe plant malfunction. It uses a 
reactor-coolant makeup system that receives sodium overflow and supplies sodium 
makeup via a bypass valve during normal operation. To remove heat directly this 
bypass valve is closed and the primary sodium is pumped in a closed loop to a heat 
exchanger that is normally isolated from the reactor by before-and-after isolation 
valves. These now open and pumping is done by electromagnetic'pumps. In the heat 
exchanger, primary sodium on the tube side gives its heat to NaK on the shell side, 
which is also pumped in a closed loop by electromagnetic pumps to two air-blast heat 
exchangers where heat is rejected to the atmosphere. NaK remains liquid at room 
temperatures and thus requires no auxiliary heating to remain fluid. The electromagnetic 
pumps and other components in this system are powered by the plant emergency diesel 
generators. 

The last two systems are situated in hardened buildings and expected to operate 
under all postulated accidents. 



11-5 THE SUPER PHENIX LMFBR 

Among the industrialized countries, France is one of the poorest in energy resources. 
In the 1970s she was importing more than three quarters of her energy. She has, 
therefore, embarked on an aggressive nuclear program that is expected to reduce energy 
imports to 50 percent by the year 2000. The program calls for more than 40,000 MW 
by 1985, 60,000 MW by 1990, and 100,000 MW by 2000. 

The proven uranium reserve inside France, and where it has controlling interest, 
is estimated at 160,000 tons. If used solely for light-water reactors (PWRs and BWRs), 
it would suffice for only 32,000 MW for 30 years, or a total of 960,000 MW-years. 
If used in fast-breeder reactors, however, it could produce 50,000,000 MW-years, 
hence the urgent need in France to develop a breeder program [106]. 

Development of the liquid-metal fast-breeder reactor (LMFBR) in France started 
in the early 1960s and can be represented so far by three main reactor types. The first 
IS Rapsodie, a 20- to 40-MW(t) experimental reactor that went into operation in 1967. 
It produced no electricity and was used to check technical features and operations for 
use in the design of succeeding LMFBRs. The next is Ph6nix, a 250-MW demonstration 
plant whose construction started in 1964 and which went critical in 1973 and began 
on-line operation in July 1974. Phdnix is a pool-type reactor with three secondary 
loops and modular steam generators. Early in its life it had some minor fuel problems 
and needed some redesign of its intermediate heat exchangers but otherwise has had 
an excellent operational record since 1978. 

The third and latest major step in the French breeder program is the Super Ph6nix, 
a class of reactors which is an extrapolation of Ph^nix. The first of this class, a near¬ 
commercial plant called Super Phenix Mark I, is under construction at Creys-Malville 
on the Rhone River, east of Lyons, in cooperation with four other European countries. 
It is a 1200-MW plant that retains the pool design that was originally chosen for safety 
but also proved stable and manageable with Phenix. 

The future, while somewhat clouded by a reassessment of energy future needs in 
1981, is bright. A study of Super Ph6nix Mark II is already underway with contracts 
expected to be awarded in 1983 for possibly a twin-reactor station with operation in 
1990. Following this, several identical twin-reactor plants are considered on a rea¬ 
sonable time schedule. Based on the use of French-produced plutonium in various 
reactors, forecasts call for 16- to 23-GW breeders in operation by the year 2000. 

General arrangement Figures 11-19 and 20 show the general layout and Table 11- 
5 lists some design data of Super Ph6nix Mark I [107] (with data in parentheses 
pertaining to Phenix.) The containment structure is a 64-m ID, 80-m-high reinforced 
concrete circular building that houses the reactor and its auxiliary circuits, fuel, and 
other active handling equipment; the primary heat-transfer loop; part of the intermediate 
heat-transfer loop; and temporary storage of radioactive wastes. 

There are four buildings situated symmetrically around the containment structure, 
each of which houses a 750-MW steam generator and auxiliary equipment. This design 
maximizes physical separation between the intermediate loops. Interspersed between 
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Figure 11-19 General layout of Super Ph^nix powerplant at Creys-Malville [107], 


these are four shorter buildings, one for liquid-waste processing and three nuclear- 
service buildings that accommodate cooling-water circuits, sets powering the primary 
pumps, ventilation equipment, and subsidiaiy circuits for steam, organic liquids, ni¬ 
trogen, argon, etc. Upstream of these buildings, and separated from them, are two 
turbine halls, each housing one 6(X)-MW turboaltemator. Closer to the river, and 
connected to the reactor and turbine buildings by underground and sky passages, is 
the electrical sections building. It houses the control room in its center and duplicate 
auxiliary electrical units in the two outer wings, as well as the diesel generators. Other 
buildings on the premises include one to the west for housing sodium storage tanks; 
one to the north used as an engineering and assembly shop for large components; one 
to the east for condenser cooling water intake, filtration, and pumping from the Rhone; 
and one, downstream of the latter, for cooling-water discharge to the river. 

Reactor and fuel Figure 11-21 shows the reactor block that houses the nuclear steam 
supply system (NSSS) and other components. The main reactor vessel contains the 
sodium pool and the entire primary sodium system consisting of the core with its fuel 
and fertile and shielding assemblies at the center, surrounded by four primary sodium 
pumps and eight intermediate heat exchangers (IHX). In addition it contains handling 
machines for loading and unloading assemblies and control rods. The main vessel is 
made of 316L stainless steel and is a 21-m-diameter and 18-m-high cylinder with a 
torispherical base. Its thickness varies between 2.5 and 6.0 cm. An argon blanket is 
provided over the sodium at a pressure of about 100 millibars, gage. 

The main vessel is surrounded at a distance of 70 cm by a 304 stainless steel 
safety vessel which is 22.5 m in diameter and 19 m deep and has a torispherical base. 
The safety vessel serves to recover sodium in the unlikely event of a leak in the main 
vessel and thus keeps the core flooded and the sodium free to circulate normally to 
remove decay heat after reactor shutdown. It is provided with a recovery tank and a 





Fi^rc 11-20 A plan view of the Super Ph^nix powerplant [107], 









484 POWERPLANT TECHNOLOGY 


Table 11-5 Design data for the Super Ph4nix Mark 1 reactor plant 


Power 

3000 (590)* MW(l). 1240 (264) MW(e) gross 

Fuel 

PuO: UO 2 mixed oxide, enrichment 15.12% Pu”’ equivalent 

Fuel elements 

364 assemblies, 5.4-m-long stainless steel clad rods, 8.65 (6.6) mm OD, 
2.7 m long, 271 rods per assembly 

Radial blanket 

233 assemblies, 5.4 m (4.3) long, stainless steel clad, 1.950 m long; 91 
rods per assembly 

Control rods 

Main system; 21 assemblies, 31 1.3-m-long rods each; back up shutdown 
system; three assemblies, three rods each; all stainless steel clad 

Core 

10.820 (1.227) m^ volume 

Reactor vessel 

Stainless steel cylindrical with torispherical bottom, 21 m ID, 19.5 m 
high, contains 3500 tons Na 

Maximum neutron flux 

6.2 X 10'’(7.2 X 10*’) 

Linear power rating 

450 (430) W/cm maximum 

Fuel bumup 

70,000-100,000 (50,000) MW • day/ton 

Breeding ratio 

1.24 (1.12) 

Core temperatures 

Fuel cladding wall max. 620 (650)°C; sodium 395°C inlet. 545^ outlet 

Primary systems (4) 

One pump and two intermediate heat exchangers per system arranged 
symmetrically around the core within the reactor vessel 

Intermediate systems (4) 

Na IHX inlet 345'’C, outlet 525“C, nominal flow 3.27 tonys each; total Na 
1500 tons 

Steam generators (4) 

750 MW each, inlet 235**C, 210 bar. outlet 487“C. 177 bar. nominal flow 
340 kg/s each 

Turboaltemators (2) 

600 MW each. 3000 r/min, connected in parallel 

Gross thermal efficiency 

41.5% (44.75%) 


* Numbers in parentheses refer to the Ph^nix reactor plant. 


sodium detector at its lowest point to detect leaks. Two cooling circuits are placed 
outside the safety vessel, on the concrete side of the biological shield, to maintain 
acceptable concrete temperatures during normal operation. 

Within the main vessel the core has a support structure that supports and positions 
various inner components such as the core diagrid, the lateral neutron shielding, the 
inner vessel, baffles, pipes and spheres connecting the primary pumps to the diagrid, 
the loading and unloading mechanism, and a core catcher. The core catcher is a stepped 
conical structure below the core diagrid designed to receive molten fuel in a noncritical 
configuration in the unlikely event of a core meltdown. 

The core (Fig. 11-22) is made up of 364 fuel assemblies surrounded by 233 fertile 
blanket assemblies, which in turn are surrounded by 197 steel reflector assemblies that 
serve as neutron-flux attenuators. On the outside are 1076 nonremovable steel protective 
lateral neutron shields. Interspersed within the core are 21 main regulating control- 
rod assemblies and 3 supplementary shutdown assemblies. 

All assemblies are hexagonal in cross section and are held to the core support 
structure on a 179-mm pitch. They are supplied with high-pressure (5 bar) sodium in 
the support structure through a large enough number of ports in their bases to minimize 
the possibility of blockage. Feed is made radially so that pressure on the foot of the 
assembly prevents liftoff. Orificing to adjust flow to pwwer is situated within the base 
of each assembly. 
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Figure 11-21 Super Phinix reactor block (107) 


The fuel assemblies (Fig 11-23), are cold-worked 316 stainless steel, are 5 4 m 
long and 173 mm across the flats, and contain 271 fuel rods each There are 193 
assemblies in an inner and 171 in an outer zone, with Pu 02 /(Pu 02 + UO 2 ) ennchments 
of 15 and 18 8 percent, respectively Onficing of the fuel assemblies results in six 
flow rates 44 5, 42 0, and 39 0 kg/s for the inner zone and 40 3, 36 9, and 30 0 
kg/s for the outer zone 

Each fuel assembly has a hollow hexagonal steel block at the top with a centrally 
dnlled hole for sodium exit It acts as an integral upper shield that, while lengthening 
the assemblies, makes it unnecessary to have special shielding for nearby components 
within the pool, such as the IHXs, core cover, pumps, etc 

The fuel rods are 8 5 mm OD and 2 7 m long The cladding is cold-worked 316 
stainless steel that contains a 0 162-m-long retaining spnng at the top, followed by a 
0 3m zone of fertile UO 2 pellets, 1 0 m of the mixcd-oxide fuel pellets, another 0 3 
m of fertile UO 2 pellets and, at the bottom, a 0 85-m fission gas expansion chamber 
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o 193 INNER FUEL ASSEMBLIES 

• 171 OUTER FUEL ASSEMBLIES 

« 21 MAIN CONTROL ASSEMBLIES 

O 3 SUPPLEMENTARY SHUTDOWN 
ASSEMBLIES 

O 233 FERTILE^ ASSEMBLIES 
O 3 NEUTRON GUIDES 

• 197 STEEL REFLECTOR ASSEMBLIES 

O 1076 LATERAL NEUTRON SHIELD ASSEMBLIES 

• 6 CLEAN-UP POSITIONS 

FOR INNER FUEL ASSEMBLIES 

• 6 CLEAN-UP POSITIONS Figure 11-22 Cross section ol the 

FOR OUTER FUEL ASSEMBLIES Super Phdnix reactor core. 


Helically wound around the rods are 1.20-mm wires that, besides correctly spacing 
the pins, minimize pin vibration, increase sodium flow turbulence, and permit some 
fuel swelling in relation to the hexagonal channel. 

Nominal fuel pellet linear power is 450 W/cm and nominal cladding temperature 
is 620°C. Fuel bumup is planned at 70,000 MW ■ day/ton, which results in refueling 
every 2 years, after which fuel is sent for reprocessing. (Some Ph^nix assemblies have 
reached 65,000 MW • day/ton, and some experimental rods in Rapsodie have exceeded 
160,000 MW ■ day/ton.) The limit on bumup is more due to steel irradiation damage, 
in particular swelling, than to oxide fuel damage. 

The fertile assemblies In addition to the fertile material above and below the fuel in 
the fuel rods, the fertile assemblies contain fertile material, also of depleted UO 2 
They are similar in design to the fuel assemblies but contain 91 rods of 15.8 mm OD 
each. Each rod is 1.944 m long, 1.6 m of which is the fertile section, equal to total 



Figure 11-23 Super Ph^nix fuel rod and assembly. 

length of fuel and fertile pellets in the fuel rods. The rest is a gas expansion chamber. 
The pellets here are thicker than the fuel pellets and the expansion chamber is smaller 
because the specific power is lower. As with the fuel rods, the fertile rods have 0.9- 
mm wires helically wound around them and hollow hexagonal steel upper neutron 
shields. 

Orificing allows three flow rates in the fertile assemblies, depending upon their 
position and residence time in the reactor; 9.3 kg/s (3 years), 3.5 kg/s (4 years), and 
1.2 kg/s (5 years). These rates are designed for cooling at the end of life when plutonium 
loading and hence power are greatest. 

The control and shutdown rods There are 21 main control assemblies that consist 
of one group of five situated on an inner circle and one group of six situated on an 
outer circle within the core (Fig. 11-22). They have the multiple functions of shutdown, 
load, and temperature compensation and control. They are always partially inserted 
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in the core and are progressively withdrawn as fuel bumup increases. The outer sleeve 
of each assembly is identical to that of the fuel but contains a 149-mm diameter, 1.3- 
m-long cylinder that, in turn, contains 31 rods, 21 mm in diameter each. The rods 
contain a 1 . 1 -m section of B 4 C absorber pellets, 90 percent enriched in enclosed 
in 316 stainless steel cans. Vents allow helium from the n,a reaction to escape to an 
expansion chamber, a design used successfully in Rapsodie and Ph 6 nix. The assemblies 
are sodium-cooled. 

There is also a shutdown system that consists of three assemblies situated between 
the inner and outer main control groups. They also have B 4 C pellets but a different 
interior. They have only two positions in the core, fully withdrawn and fully inserted, 
and therefore perform no control or compensation functions. Actuated by electromag¬ 
nets, they are inserted on an emergency command to the main control system by a 
self-actuated system or if the sodium temperature exceeds a preset value, between 650 
and 700°C. 

Loading and unloading of removable assemblies such as the fuel, control, fertile, 
and lateral shielding assemblies is to a loading and unloading chamber that is fixed to 
the core support structure. This is accomplished by the two off-center rotating plugs 
(Fig. 11-24) using two transfer machines attached to the small rotating plug (Fig. 11 - 
21). The assemblies are then removed to storage outside the reactor by means of an 
inclined ram and a rotating transfer lock. A core cover plug is housed in the small 
rotating plug above the core with its bottom just above the assembly heads but sub- 



Figure 11-24 Plan view of Super Ph6nix reactor block. 




merged in sodium. Its functions are to deflect sodium flow from the assemblies and 
to properly position the rod mechanisms and core instrumentation. 

The heat-transfer systems As with all sodium-cooled reactor plants, a primary sodium 
system transfers heat from the reactor to an intermediate sodium loop, which in turn 
transfers heat to the steam cycle. In this pool design, the entire primary system is 
inside the main vessel. It consists of four pumps and eight intermediate heat exchangers 
(IHX) arranged symmetrically in groups of three (one pump and two exchangers) on 
a l6.2-m-diameter circle slightly off-center to the core (Fig. 11-24). 

Unlike CRBR, Super Ph^nix uses “cold leg” primary pumps. Each draws 4100 
kg/s of cool (392°C) sodium from the IHX outlet region through a skirt, which ensures 
uniform feed to its inlet diffuser (Fig. 11-25). It then delivers sodium axially to a 
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Figure 11-25 Cross seclion of Super PWnix reactor block showing primary coolant circuit. (Counesy 
Novatome, Le Plessis-Robinson, France.) 
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plenum below the core diagrid with a head of 65-m Na. A one-way valve in the 
delivery pipe prevents flowback in case of individual pump shutdowns. The pumps 
are 2.5 m OD and 12 m long and weigh 125 tons each. They are driven by 3300-kW 
asynchronous motors that are powered by variable voltage and variable frequency 
current. This current is provided by a variable-speed alternator that is connected to a 
constant-speed asynchronous motor by a hydraulic coupler. This allows a pump speed 
variation from 15 to 100 percent of its 460 r/min nominal speed. In addition, each 
pump can be powered by a pony motor that runs at about 15 percent of nominal speed, 
and that receives its power from the emergency diesels. 

Primary sodium enters and leaves the core at 395 and 545°C, respectively. It then 
enters the shell-and-tube IHXs at 542°C via inlet ports at top, flows outside the tubes 
and leaves at 392°C through outlet ports at bottom to the “cold” IHX outlet region in 
the pool, and then flows back to the pump inlets. Each IHX is 2.5 m OD and 19 m 
high, contains 1300 nr of heat-transfer area, weighs 52 tons, and is rated at 375 MW. 

There are four independent intermediate loops (Fig. 11-26). Intermediate sodium 
at 345°C enters the IHXs at the top via a center tube, flows down to a lower plenum, 
reverses direction, and goes up through the tubes to an annular space at the top and 
leaves laterally at 525°C. Sodium leaving each pair of IHXs goes to one steam gen¬ 
erator, leaves it at 345°C, and enters an intermediate (secondary) pump that is installed 
in a free-level expansion tank. Sodium leaves the pump laterally through two 0.7-m 
pipes to the two associate IHXs. Each intermediate pump is 2 m OD, weighs 35 tons, 
delivers 3300 kg/s of sodium at a head of 30 m Na, and consumes 1300 kW. 

In the steam generator (Fig. 11-27), hot intermediate sodium enters laterally 
through two 0.7-m pipes at the top, mixes in a distribution chamber, flows outside 
the tube bundle, and leaves at 345°C via one central l-m-diameter pipe at the bottom 
to the expansion tank. There are free sodium levels in the upper parts of the expansion 
tank and steam generator. 

The steam plant The steam generator combines both boiler and superheater functions. 
Feedwater at 235°C and 210 bar enters each steam generator at the rate of 340 kg/s 
through four water chambers at the lower end. It flows in a once-through fashion 
through four sets of tubes from the water chambers and leaves as superheated steam 
through four corresponding steam chests that combine into two exit pipes. There are 
a total of 357 20-mm ID tubes wrapped around the central pipe in 17 concentric layers 
for a total of 2700-m^ heat-transfer area. Each individual tube has a total length of 92 
m. Each steam generator is 3 m OD and 25 m high and weighs 175 tons. 

Steam enters two 3000 r/min turboaltemators at 487°C and 177 bar (909°F and 
2567 psia). Each turbine has its own reheat steam plant. The turbines are tandem- 
compound with one high-pressure section and two low-pressure sections. Steam leaving 
the high-pressure section at 6 bar is reheated by steam bled from it at 90 bar before 
entering the low-pressure sections. Each plant has one condenser that is cooled by a 
oncc-through system from the Rhone river. The condensate goes through a full-flow 
water treatment unit (to avoid fouling and corrosion in the steam generator). It then 
goes to two twin low-pressure feedwater heaters, a deaerating heater with storage tank. 






Figure 11-26 Super PWnix intermediate sodium loop (one of four). (Courtesy Novatome.) 


three boiler feed pumps, one steam-driven and full-flow, the other two electrically 
driven for start-ups and other special operations. These are followed by two twin high- 
pressure feedwater heaters. 

To avoid sodium freezing (about l(X)°C) in steam generators during shutdown or 
transients, water in the storage tank is maintained at 150°C by a variety of steam inlets. 

I^ccay-heat removal In normal plant shutdown the reactor decay heal is channeled 
as usual by the primary and intermediate sodium loops and the steam generators. The 
resulting steam is shunted to the two turbine condensers and a special water loop called 
the shutdown-start-up circuit. In the event of the steam loop being inoperative, a 
backup system of sodium-air heat exchangers connected to each of the four intermediate 
sodium loops is used. These exchangers are cooled by forced convection with air 






































blowers but arc capable of reinoving the decay heat by natural convection alone in 
case of power failure. Additional backup systems operate in the event of failure of all 
four intermediate loops. They are composed of two independent water circuits in the 
reactor cavity and four sodium-to-sodium heat exchangers in the reactor vessel which 
connect to sodium in heat exchangers situated on top of the steam-generator building. 


11-6 THE GAS-COOLED FAST-BREEDER REACTOR (GCFBR) 

Research and development for the gas-cooled fast-breeder reactor (GCFBR) started in 
1962 by Gulf General Atomic Corporation with some utility and, somewhat later, 
European participation. Studies were made on fuel development, systems, safety, 
physics, heat transfer, and fluid flow. Preliminary designs were made for a reactor 
experiment, a 3(X)-MW demonstration plant, and a 1(X)0-MW commercial plant. The 
studies also included the possible future uses of the GCFBR with a direct gas-turbine 
cycle for power production and with a high-temperature gas generator for industrial 
applications. 

Figures 11-28 and 11-29 show the proposed 3(X)-MW demonstration plant and its 
nuclear steam supply system. As were the thermal neutron AGR and HTGR gas-cooled 
reactors (Chap. 10), it is contained in a cylindrical prestressed-concrete reactor vessel 



f'iinre 11-28 Layout of the 300-MW gas-cooled fast-breeder reactor (GCFBR) demonstration plant. (Cour¬ 
tesy GA Technologies, Inc.) 






Figure 11-29 The GCFBR PCRV containing the nuclear steam supply system 


(PCRV) that has linear tendons extending through from top to bottom and circumfer 
ential steel cables wrapped around the outside under tension 

The PCRV in this case is 84 ft (25 6 m) in diameter and 71 ft (21 6 m) high and 
contains seven steel-lined interconnected cavities The central cavity contains the 
reactor and is suirounded by three main cavities that contain the steam generators and 
helium circulators and, alternating with them, three that contain auxiliary cooling 
equipment Helium coolant, at 1250 psia(86 bar), passes downward through the core 
(as in the HTGR) then flows laterally to the bottom of the three main cavities In each 
It goes up through a steam generator, through a 22,300-hp single-stage, axial, steam- 
dnven main helium circulator, and then back laterally to the top of the core Although 





these three heat-transfer loops are in interconnected cavities, they are designed to 
operate independently of one another, thus increasing the reliability of the system. 

The PCRV is housed in a secondary containment building. The space between 
the two contains atmospheric air and is accessible during plant operation for inspection 
and maintenance of equipment outside the PCRV. 

The reactor core and fuel The reactor core is composed of 211 hexagonal fuel and 
radial blanket assemblies. The assemblies, 10 ft (3.05 m) high and 6.5 in (16.5 cm) 
across the flats, are supported by clamping to a lop grid plate where they are at their 
coolest. The grid plate, 11 ft (3.35 m) in diameter and 2 in (5.08 cm) thick, is in turn 
supported by a cylindrical structure connected to the liner of the central penetration 
in the PCRV. It contains closely spaced 6-in (15.24-cm) diameter holes that accom¬ 
modate the circular top extensions of the fuel assemblies. 

The assemblies are spaced about 1/4 in (6.3 mm) apart and are to be rotated during 
reloading to accommodate and reduce swelling (Sec. 9-13). Reloading is done by 
changing one-third of the core approximately annually and requires shutdown and 
depressurization. 

The fuel assemblies (Fig. 11-30) contain 271 fuel rods except 27 that are used as 
control assemblies and contain 234 rods. The rods are the same as those used in 
LMFBRs except that their cladding surface is roughened to increase the gas-coolant 
heat-transfer coefficient. They are composed of annular pellets of mixed-oxide fuel 
(PUO 2 -UO 2 ) stacked in 0.25-in (0.63-cm) OD, 20-mil (0.5-mm) thick 316 stainless 
steel cladding. An axial blanket of depleted UO 2 pellets is provided above and below 
the fuel within each rod. 

The radial blanket assemblies occupy two rows outside the fuel assemblies and 
arc of the same external dimensions. They, however, contain 127 larger rods containing 
depleted UO 2 pellets. 

Each fuel rod has a fission product trap at the top. Fission gases are allowed to 
vent to an annular trap in the assembly and to a helium purification system. This 
system equalizes pressures of the fission gases inside and the coolant outside the rods, 
thus relieving mechanical stresses on the cladding. It also limits the release of radio¬ 
activity from failed elements into the coolant. Radioactivity monitors on the vent lines 
of separate groups of assemblies are used to detect and locate failed cladding. 

The power plant Figure 11-31 shows a flow diagram of the plant. Helium at 1250 
psia (86 bar) enters the reactor top at 595T (313°C) and leaves at 1010°F (543°C). It 
then enters the three steam generators and steam-driven helium circulators (one shown) 
and goes back to the reactor. There are no intermediate loops as in a LMFBR as there 
are no problems of primary-coolant radioactivity or coolant-water chemical reactions 
as with sodium. 

The steam generators are once-through helical-coiled units with reheaters. Feed- 
water leaving the last feedwater heater divides into three paths. Each enters a steam 
generator and leaves as superheated steam at 2900 psia (200 bar) and 875°F (468°C). 
That steam partially expands as it is made to drive the helium circulator turbine, after 










Table 11*6 Design parameters of the GCFBR 


GCFBR 


Demonstration Commercial 


Power 

Core; height 
diameter 

Fuel 

Fuel pins 
Cladding 

Fuel fissile rating 
Max fuel linear rating 
Cladding surface hot 
spot 
Coolant 

Reactor coolant 
conditions 


Throttle steam 
conditions 

Plant thermal efficiency 
Breeding ratio, 
doubling time 
Maximum fuel bumup 


310 M\V(c) 

40 in (101 cm) 

80 in (2.01 cm) 

Mixed oxide 
0.25 in (6.3 mm) OD 
316 stainless steel, 0.48 
mm thick 
0.6 MW(t)/kg 
12.5kW/fi (410W/cm) 

1275‘’F (690“C) 

Helium 

1250 psia (86.2 bar), 
595T(313T) inlet. 
1010°F (543°C) outlet 

1225 psia (84.5 bar), 
920T (493T) 

37,6% 

1.33 


1000 MW(e) 

54 in (1.36 m) 

107 in (2,71 mj 
Mixed oxide, 16% fissile 
0.25 in (6.3 mm) OD 
316 stainless steel, 

0.286 mm thick 
1.1 MW(t)/kg 
15 kW/ft (490 W/cm) 

1382°F (594°C) outlet 
Helium 

1250 psia (86.2 bar), 
602°F (317°C) inlet, 
1100“F (594T) outlet 

1250 psia (86.2 bar), 
925“F (496“C) 

38% 

1.5 (~8 years) 

100,000 MW • day/ton 


which it is admitted to the reheater. It then combines with the other two paths to enter 
the high-pressure turbine at 1225 psia (84.5 bar) and 920°F (492°C). The balance of 
the steam plant is essentially identical to a fossil powerplant because it uses superheated 
steam of similar properties. Note the difference between this steam cycle and that of 
the HTGR (Sec. 10-12). In the latter, the steam leaving the main steam generator 
expands in the high-pressure turbine and then drives the helium-circulator turbine 
before being reheated and sent back to the lower-pressure section of the main turbine. 

The three main cooling loops are also used to remove decay heat from the core 
after shutdown. As in the HTGR, decay heat initially generates enough steam to drive 
the circulator turbines to help remove that decay heat, an advantage of the steam cycle 
design that uses the main steam flow into the circulator turbines. A half hour after 
shutdown, small auxiliary boilers, also used for plant start-up, come on line to supply 
steam to the circulator turbines. In addition, there are the three separate electric motor- 
driven auxiliary cooling loops (Fig. 11-30). 

Table 11-6 includes data for the GCFBR demonstration plant as well as for a 
commercial-size extrapolation of GCFBR. The large plant is expected to have thinner 
cladding, higher cladding temperature, higher fuel linear heat rating, and a higher 
breeding ratio. These improved parameters arc the results of the increased freedom of 
selecting fuel-fertile and fuel-coolant ratios in a large GCTOR. 
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PROBLEMS 

11-1 A large commercial gas-cooled fast-breeder reactor using a plutonium-uranium mixed oxide fuel has 
a breeding ratio of 1.5 and a compound doubling time of 6 years. Estimate the average neutron flux in the 
reactor. Assume that the fuel in the core represents 80 percent of the reactor fuel inventory. 

11-2 A large sodium-cooled fast-breeder reactor uses a plutonium-uranium oxide fuel mix. It has an 
average neutron flux of 3 x 10‘V The number of neutrons lost by leakage and parasitic absorption is O .13 
per neutron absorbed. Calculate (a) the reactor simple and doubling times, in years, based on the fuel m 
the core only, and (^ 7 ) the neutron losses per neutron bom in fission that would render the reactor a nonbreeder 

11-3 A fast-breeder reactor generates 3000 MW of heat. The fuel is composed of 20% Pu^’^ 02 , 807f 
by mass. The average neutron flux is 10 ‘* Estimate the total mass of the fuel material in the core 
Ignore fast fission in and take neutron los.ses by leakage and parasitic absoqjtion as 0.25 per neutron 
absorbed. 

11-4 Estimate the maximum fraction (zero losses) of all neutrons that is available for breeding for the 
three fuels and if they existed in monoenergetic neutron fluxes at 1 , 10 ^ 10 ^, and 10 '’ 

eV. 

11-5 A fast-breeder reactor core that generates 28(X) MW is fueled with Pu"^^ 02 -U^^” 02 . The mass of 
Pu ^^‘'02 is 4 tons (metric). Ignonng fast fission in estimate (a) the maximum theoretical breeding 
ratio and gain, and {b) the corresponding minimum simple and compound doubling times, in years. Assume 
that the fuel in the core represents 75 percent of the reactor fuel cycle inventory. 

11-6 A fast breeder reactor powerplant generates 1000 MW with a 39 percent efficiency. The core is 
fueled with Pu^“^'^ 02 -U ‘'“02 with Pu-U nuclear number ratio of 1 : 4. The core average neutron flux is 1 ()''\ 
Estimate (a) the number and mass of Pu"”^ nuclei originally in the core, (h) the number and mass of the 
Pu^-** nuclei consumed per day, and (c) the number and mass of Pu^^*^ nuclei bred and gained per day 
Assume neutron losses by leakage and para.sitic absorption to be 0.25 per neutron absorbed in the fuel 

11-7 A thermal-neutron breeder reactor using a LJ^^‘-Th‘^‘ breeding cycle is considered. The fuel i.s 
composed of 15 percent by mass. The average neutron flux is 10'“’. The reactor generates 2(XX) 

MW. Find (n) the total mass of fuel in the core, ib) the breeding ratio and gain if the neutron losses due 
to leakage and parasitic capture are 0.2 per neutron absorbed, (c) the simple and compound doubling limes, 
in years, if the fuel in the core is 80 percent of the total reactor fuel inventory, and (^ the mass of 
bred per day. 

11-8 From the data of the Clinch River Breeder Reactor calculate the overall heat transfer cocfficient.s, 
in Btus per hour per square foot per degree Fahrenheit for (a) the intermediate heat exchangers, (b) the 
evaporators, and (c) the superheaters. 

11-9 From the data of Super Ph^nix, calculate the overall heal transfer coefficients in watts per square 
meter per kelvin and Btus per hour per square foot per degree Fahrenheit of (a) the intermediate heat 
exchanger, and (b) the economizer, evaporator, and superheater of the steam generator. Use for the .specific 
heat of stxlium 1.256 kJ/kg ■ K. 

11-10 Assume that a gas-cooled fast-breeder reactor powerplant operates on a similar cycle and has the 
same power and efficiency and helium and steam pressures and temperatures as the demonstration GCFBR 
(Sec. 11-6). Assume further that the feedwater enters the steam generator at 468®F and that 35 MW of 
steam power is consumed in driving the helium circulators. Draw a tempcralure-path-lcngth diagram of the 
steam generator and calculate (i/) the helium mass flow rate, in pounds mass per hour, (b) the steam mass 
flow rate, in pounds mass per hour, and (c) the heat transferred, in Btus per hour in the economizer, 
evaporator, and first and second superheaters, respectively. 



CHAPTER 

_ TWELVE 

GEOTHERMAL ENERGY 


12-1 INTRODUCTION 

With this chapter we begin a series of four chapters on the so-called renewable energy 
resources,* which are defined as those resources that draw on the natural energy flows 
of the earth. In this book, the ones that we are concerned with are those that arise 
from the earth’s interior heat (this chapter), the sun (Chap. 13), the wind (Chap. 14), 
and the oceans (Chap. 15). Another, biomass, was covered briefly in Sec. 4-12. 

Renewable energy resources are so named because they recur, are seemingly 
inexhaustible, and are free for the taking. The recurrence is often penodic, ranging 
from daily (the sun) to a few short years (biomass). Their main disadvantages are in 
their intcrmittency, lack of dependability, and their usually extreme low energy den¬ 
sities. Despite this, tliey were the predominant energy forms used by humankind during 
its early developmental millenia. When the earth’s populations grew and nature alone 
could no longer support life on earth, human beings, as often is the case, discovered 
solutions when they were needed. The solutions came in the form of fossil fuels that 
were concentrated in certain pockets of the earth and that delivered much higher energy 
densities; they eventually brought on the industrial revolution and thus the modem 
way of life as we know it today. To be sure, fossil fuels are also renewable, but on 


* Another term that is often used interchangeably with renewable energy is alternaiive energy. This 
term seems to mean different things to different people. Some include nuclear fuel used in fission, especially 
''^hen its use is extended by breeder reactions (Sec. 11-2), and/or fusion. To others, the term precludes all 
established forms of energy. Others limit it to solar and solar-induced energies such as the wind and the 
rise and fall of waters. Still others make no distinction between the two terms. 
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a geologic time scale of hundreds of millions of years. They, however, are consumed 
much faster than they are renewed, so for all practical purposes, they have to be 
considered as finite. The same conclusion could be applied to nuclear fuels, which 
were formed with the earth. Their use, however, is believed to extend far beyond 
fossil fuels because of breeding, a reality today, and fusion, when it becomes a workable 
system. 

With high energy density come high temperatures and therefore higher efficiencies. 
Advances in metallugy had the multiplier effect of further increasing temperatures and 
efficiency. Together with abundant and cheap fuels, these effects relegated renewable 
energy systems to doing odds and ends here and there forever, or so it seemed. Then 
came the 1970s and the great economic squeeze of the oil producers and resultant 
soaring prices; the era of cheap energy came to an end. This, and the environmental 
concerns of the same decade, reopened the era of the renewables (or alternatives). 
Goaded by public fears and pressures, a rush was on for broad technological solutions 
of the problems of the renewable systems. Before they were technologically and 
economically demonstrated, many people were inclined to overstate the case for them, 
which led to further public confusion about their true nature and their possible con¬ 
tributions to the total electric-energy picture. (Most renewable resources are aimed at 
electric production as their main contribution.) With time, however, and probably 
inevitably, cooler heads prevailed and a more sensible reexamination began taking 
place. This is what we will do in these four chapters: reexamine the renewables and 
follow up on modem solutions to their old problems. 

We will begin our examination with geothermal energy, the one renewable resource 
that has practically no intermittency, has the highest energy density, and is econom¬ 
ically not far removed from conventional technologies. Geothermal energy is classified 
as renewable because the earth’s interior is and will continue in the process of cooling 
for the indefinite future. Hence, geothermal energy from the earth’s interior is almost 
as inexhaustible as solar or wind energy, so long as its sources are actively sought 
and economically tapped. 


12-2 PAST, PRESENT, AND FUTURE 

Geothermal energy is primarily energy from the earth’s own interior. The natural heat 
in the earth has manifested itself for thousands of years in the form of volcanoes, lava 
flows, hot springs, and geysers. These were mostly picturesque, often awesome proofs 
that vast heat stores lie beneath the earth’s crust. In earlier limes, natural steam that 
spouted from the earth was used only therapeutically. Roman documents, more than 
2000-years-old, tell of a steam field that is now Larderello, south of Florence, a site 
that was to become history’s first geothermal electric-generating station. 

In the United States, geothermal fields were first discovered in 1847 by William 
Bell Elliot, an explorer-surveyor who was hiking in the mountains between Cloverdale 
and Calistoga, California, in search of grizzly bears. He discovered steam seeping out 
of the ground along a quarter of a mile on the steep slope of a canyon near Colb 
Mountain, an extinct volcano, now known as the Geysers. Telling friends that he came 
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upon the gates of hell, the word spread and the area became something of a tourist 

attraction. 

The Geysers is really a misnamed field, as a geyser, like Old Faithful in Yellow¬ 
stone National Park, periodically and dramatically spews jets of water and steam. In 
the Geysers, however, steam is continuously vented through fissures in the ground. 
These vents are called fumaroles. 

Historically, the first applications of geothermal energy were for space heating, 
cooking, and medicinal purposes. The earliest record of space heating dates back to 
1300 in Iceland. In the early 1800s, geothermal energy was used on what was then a 
large scale by the Conte Francesco de Laderel to recover boric acid. The first mechanical 
conversion was in 1897 when the steam of the field at Larderello, Italy, was used to 
heat a boiler producing steam which drove a small steam engine. The first attempt to 
produce electricity (our main concern in this book) also took place at Larderello in 
1904 with an electric generator that powered four light bulbs. This was followed in 
1912 by a condensing turbine; and by 1914, 8.5 MW of electricity was being produced. 
By 1944 Larderello was producing 127 MW. The plant was destroyed near the end 
of World War II, but was fortunately rebuilt and expanded and eventually reached 
360 MW in 1981. 

In the United States, the first attempt at developing the Geysers field was made 
in 1922. Steam was successfully tapped, but the pipes and turbines of the time were 
unable to cope with the corrosive and abrasive steam. The effort was not revived until 
1956 when two companies. Magma Power and Thermal Power, tapped the area for 
steam and sold it to Pacific Gas and Electric Company. By that time stainless steel 
alloys were developed that could withstand the corrosive steam, and the first electric- 
generating unit of 11-MW capacity began operation in 1960. Since then 13 generally 
progressively larger units have been added to the system. The latest, No. 17 (Fig. 12- 
1), is a 109-MW unit that began operation in September 1982 and which brought the 
Geysers total capacity to 909 MW. Two more units are under construction and four 
more are planned, which will bring the total capacity to 1514 MW by the late 1980s. 

Other electric-generating fields of note are in New Zealand (where the main activity 
at Wairakei dates back to 1958), Japan, Mexico (at Cerro Prieto), the Phillipines, the 
Soviet Union, and Iceland (a large space-heating program). These and other electric¬ 
generating fields are listed in Table 12-1. 

Future world projections for geothermal electric production, based on the decade 
of the 1970s, are 7 percent per year. In the last four years of that decade, however, 
the growth rate was 19 percent per year (Fig. 12-2). In the United States, the projections 
are for growth between 13.5 and 22 percent per year through the 1980s, which is 2.5 
to 4 times the 5.3 percent per year growth rate of the total electric-generating capacity. 
This includes the steam field at the Geysers and other fields of different types (See. 
12-3). 

The U.S. Geological Survey [109] predicts a U.S. potential from currently iden¬ 
tified sources to be around 23,000 MW of electric power and around 40 x 10*® Btu 
(about 42 X 10*® kJ) of space and process heat for 30 years with existing technology, 
and 72,000 to 127,000 MW of electricity and 144 to 294 x 10*® Btu of heal from 
unidentified sources. Areas of geothermal potential in the North Amciicaii contm^ 
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Figure 12-1 The 109-MW unit No 14 of the Geysers (Courtesy’ Pacific Gas and Electru Co ) 
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Table 12-1"' World geothermal-energy utilization as of 
December 1979 


Country 

Electricity, MW 

Space and 
process heat, MW 

Installed 

Under construction 

asA 

773 

641 

30 

Italy 

421 

— 

1 

New Zealand 

203 

150 

70 

Japan 

166 

100 

37 

Mexico 

150 

30 


Cl Salvador 

60 

35 


Iceland 

33 

30 

475 

USSR 

6 

58 

300 

Phillipines 

60 

605 


Turkey 

0.5 

— 


Hungary 

— 

— 

363 

France 

— 

— 

5 

Total 

1872 

1649 

1281 


♦From Ref. 108. 



Figure 12'2 Worldwide installed geothermal electric capacity and future projections. The dip in 1942 
represents the destruction of the Larderello plant (109]. 
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are mainly west of the Great Plains from Canada to Mexico, with a geopressured zone 
(described in the next section) extending along the Gulf Coast and a low-temperature 
zone extending down the eastern seaboard. These include about 1.8 million acres of 
land of known sources in the western states and additional 96 million acres of pro¬ 
spective value. Between 800 and 1000 acres are needed for 100 MW of production 
for 30 years. 

It can be seen that while geothermal energy is not the sought-after sole and long- 
range solution to our energy problems (the U.S. total installed electric capacity in 
1982 is nearly 500 million MW), it nevertheless represents a not insignificant factor 
if its resources are developed in a careful and efficient manner. 


12-3 ORIGIN AND TYPES OF GEOTHERMAL ENERGY 

As indicated earlier, geothermal energy is heat transported from the interior of the 
earth. It is recoverable in some form such as steam or hot water. 

The earth is said to have been created as a mass of liquids and gases, 5 to 10 
percent of which was steam. As the fluids cooled, by losing heat at the surface, an 
outer solid crust formed and the steam condensed to form oceans and lakes in depres¬ 
sions of that crust. The crust now averages about 20 mi (32 km) in thickness. Below 
that crust, the molten mass, called magma, is still in the process of cooling. 

Earth tremors in the early Cenozoic period* caused the magma to come close to 
the earth’s surface in certain places and crust fissures to open up. The hot magma near 
the surface thus causes active volcanoes and hot springs and geysers where water 
exists. It also causes steam to vent through the fissures (fumaroles). 

Figure 12-3 shows a typical geothermal field. The hot magma near the surface 
(A) solidifies into igneous rockt (B). (Igneous rock found at the surface is called 
volcanic rock.) The heat of the magma is conducted upward to this igneous rock. 
Ground water that finds its way down to this rock through fissures in it will be heated 
by the heat of the rock or by mixing with hot gases and steam emanating from the 
magma. The heated water will then rise convectively upward and into a porous and 
permeable reservoir (C) above the igneous rock. This reservoir is capped by a layer 
of impermeable solid rock (D) that traps the hot water in the reservoir. The solid rock, 
however, has fissures (E) that act as vents of the giant underground boiler. The vents 
show up at the surface as geysers, fumaroles (F), or hot springs (G). A well (H) taps 
steam from the fissure for use in a geothermal powerplant. 

It can be seen that geothermal steam is of two kinds: that originating from the 
magma itself, called magmatic steam, and that from ground water heated by the magma, 
called meteoritic steam. The latter is the largest source of geothermal steam. 


* The Cenozoic period is a geologic era that started some 60 million years ago following the Mesozoic 
period and includes the present It is characterized by the appearance and development of mammals. 

t From the Latin igneus meaning “of fire” or "fiery," from ignus, “fire”; specifically formed by volcanic 
action or great heat. 
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Not all geothermal sources produce steam as described above. Some are lower in 
temperature so that there is only hot water. Some receive no ground water at all and 
contain only hot rock. Geothermal sources are therefore of three basic kinds: (1) 
hydrothermal, (2) geopressured, and (3) petrothermal. These are explained below. 

Hydrothermal Systems 

Hydrothermal systems are those in which water is heated by contact with the hot rock, 
as explained above. Hydrothermal systems are in turn subdivided into (1) vapor- 
dominated and (2) liquid-dominated systems. 

Vapor-dominated systems In these systems the water is vaporized into steam that 
reaches the surface in a relatively dry condition at about 400°F (205°C) and rarely 
above 100 psig (8 bar). This steam is the most suitable for use in turboelectric pow- 
erplants, with the least cost. It does, however, suffer problems similar to those en¬ 
countered by all geothermal systems, namely, the presence of corrosive gases and 
erosive material and environmental problems (see below). Vapor-dominated systems, 
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however, are a rarity; there are only five known sites in the world to date. These 
systems account for about 5 percent of all U.S. geothermal resources. The Geysers 
plant in the United States, the largest in the world today, and Larderello in Italy, are 
both vapor-dominated systems. 

Liquid-dominated systems In these systems the hot water circulating and trapped 
underground is at a temperature range of 350 to 600°F (174 to 315°C). When tapped 
by wells drilled in the right places and to the right depths, the water flows either 
naturally to the surface or is pumped up to it. The drop in pressure, usually to 100 
psig (8 bar) or less, causes it to partially flash to a two-phase mixture of low quality, 
i.e., liquid-dominated. It contains relatively large concentrations of dissolved solids 
ranging between 3000 to 25,000 ppm and sometimes higher. Power production is 
adversely affected by these solids because they precipitate and cause scaling in pipes 
and heat-exchange surfaces, thus reducing flow and heat transfer. Liquid-dominated 
systems, however, are much more plentiful than vapor-dominated systems and, next 
to them, require the least extension of technology. The U.S. Geological Survey [109] 
shows from 900 to 1400 quads (Q) (IQ = lO’*^ Btu, about 10*“ J) of energy available 
from liquid-dominated systems with liquid above 300°F (150°C). 

The hydrothermal systems, of both kinds, are the only ones in commercial op¬ 
eration today. Figure 12-4 shows the major high-temperature hydrothermal areas of 
the world. The next two systems are under study, but mainly in the preliminary stages 
at this time (1982). 

Geopressured Systems 

Geopressured systems are sources of water, or brine, that has been heated in a manner 
similar to hydrothermal water, except that geopressured water is trapped in much 
deeper underground acquifers,* at depths between 8000 to 30,000 ft. (about 2400 to 
9100 m). This water is thought to be at the relatively low temperature of about 325°F 
(160°C) and is under very high pressure, from the overlying formations above, of 
about 15,000 psia (more than 1000 bar). It has a relatively high salinity of 4 to 10 
percent and is often referred to as brine. In addition, it is saturated with natural gas. 
mostly methane CH 4 , thought to be the result of decomposition of organic matter. 

Such water is thought to have thermal and mechanical potential to generate elec¬ 
tricity. The temperature, however, is not high enough and the depth so great that there 
is little economic justification of drilling for this water for its thermal potential alone. 
What is drawing attention, however, is the amount of recoverable methane in solution 
that can be used for electric generation. The U.S. Geological Survey estimates 100 
Q of electricity from the thermal content of geopressured water and 500 Q of energy 
in the gas. Studies have been under way to determine the economic feasibility of 
generating electricity by a combined cycle, one that involves the combustion of the 
methane as well as heat from the thermal content of the water. 


^ An aquifer is a water-bearing stratum of permeable rock, gravel, or sand. 
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There are some 20 prospective gcopressured sites along the Texas and Louisiana 
Gulf coasts in the United States. Work to determine the extent and quality of geo- 
pressurized energy has been undertaken with the drilling of some test wells. The initial 
results were not as encouraging as had been hoped for, however. A test well, called 
the General Crude-DOE Pleasant Bayou No. 2, was drilled in 1979 in Brazilia County, 
Texas, to a depth of 16,500 ft (5030 m) and tested at a flow rate of 2500 bbl/day 
(~3(X) m^/day) and a pressure of 4570 psig (316 bar). Initial data indicated a potential 
flow rate of 30,(XX) bbl/day (—3575 mVday). The gas content was 20 to 25 ft%bl of 
water, or about 4.75 to 6 gas-to-liquid volume ratio. Economic studies to determine 
if the cost of drilling and spent brine reinjection are recoverable from the energy 
content in the water and gas are yet inconclusive. It is estimated that a minimum yield 
of 40,(XX) to 50,000 bbl/day is necessary to make a well worth considering from an 
economic point of view. 

Further work is continuing, however, with the possibility of building a pilot plant 
in the late 1980s. A study by the Southwest Research Institute for the Electric Power 
Research Institute (EPRl) optimistically predicts 1100 MW of geopressured capacity 
could be on line by the end of the century. 

Petrothermal Systems 

Magma lying relatively close to the earth’s surface heats overlying rock as previously 
explained. When no underground water exists, there is simply hot, dry rock (HDR). 
The known temperatures of HDR vary between 300 and 550°F ( — 150 to 290°C). This 
energy, called petrothermal energy, represents by far the largest resource of geothermal 
energy of any type, as it accounts for about 85 percent of the geothermal resource 
base of the United States. Other estimates put the ratio of steam;hot water:HDR at 
1 : 10:1000 [ 111 ]. 

Much of the HDR occurs at moderate depths, but it is largely impermeable. In 
order to extract thermal energy out of it, water (or other fluid, but water most likely) 
will have to be pumped into it and back out to the surface. It is necessary for the heat- 
transport mechanism that a way be found to render the impermeable rock into a 
permeable structure with a large heat-transfer surface. A large surface is particularly 
necessary because of the low thermal conductivity of the rock. Rendering the rock 
permeable is to be done by fracturing it. Fracturing methods that have been considered 
involve drilling wells into the rock and then fracturing by (1) high-pressure water or 
(2) nuclear explosives. 

High -pressure water Fracturing by high-pressure water is done by injecting water 
into HDR at very high pressure. This water widens existing fractures and creates new 
ones through rock displacement. This method is successfully used by the oil industry 
to facilitate the path of underground oil. The oil-bearing stratum is sedimentary rock 
that is softer than HDR. The cost to the oil companies is thus lower and, in addition 
justifled by the additional oil it produces. The method is under study by Los Alamos 
Scientiflc Laboratory (LASL) with support from the Department of Energy (DOE), 
Japan, and West Germany. 
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Nuclear explosives Fracturing by nuclear explosives is a scheme that has been con¬ 
sidered as part of a program for using such explosives for peaceful uses, such as 
natural gas and oil stimulation, creating cavities for gas storage, canal, and harbor 
construction, and many other applications [112]. In the United States the program is 
called Plowshare.^ Fracturing by this method would require digging in shafts suitable 
for introducing and sealing nuclear explosives and the detonation of several such 
devices for each 200-MW plant operating for 30 years. Initial studies revealed that 
large explosions, about 5 megatons (TNT equivalent), at substantial depths would be 
required before the scheme became economic. The principal hazards associated with 
this are the ground shocks, the danger of radioactivity releases to the environment, 
and the radioactive material that would surface with the heated water and steam. 

A variation of the above concept would be to generate heat by the nuclear ex¬ 
plosions themselves in deep salt formations. This would create an underground pool 
of molten salt that may be exploited for many years. Both schemes have many problems 
that are difficult to assess without actual experimentation. Not much progress has been 
made beyond the study stage. 


12-4 OPERATIONAL AND ENVIRONMENTAL PROBLEMS 

Steam and water from both hydrothermal systems contain, besides the dissolved solids 
in the water, entrained solid particles and noncondensablc gases. The entrained solids 
must be removed as much as possible, usually by centrifugal separators at the well 
head, before they enter plant equipment, and by strainers, usually before turbine entry. 

The noncondensable gas content varies from 0.2 to 4.0 p>ercent, depending upon 
the particular well and its age. The younger the well, the higher the percentage, as 
the noncondensables tend to vent out a bit faster than the H 2 O. The noncondensables 
themselves are mostly CO 2 (about 80 percent) plus varying amounts of methane CH4, 
hydrogen H 2 , nitrogen N 2 , ammonia NH 3 , and hydrogen sulfide H 2 S. Besides finding 
their way with the fluid into the plant equipment, the noncondensables also partly 
escape to the atmosphere via the particle centrifugal separators, the condenser ejectors, 
and in some cases the cooling towers. 

The presence of the noncondensable gases has several effects. First, the large 
quantity of these gases, relative to noncondensables in conventional steam systems, 
necessitates the careful design of adequate gas ejectors to maintain vacuum in the 
condenser. Second, although the presence of acid-forming gases causes no particular 
problems in dry steam lines that are made of ordinary carbon steels, their corrosive 
effect in wet conditions necessitates the use of stainless steel in all equipment exposed 
to wet steam or condensate. Such equipment includes turbine erosion shields and shaft 
seals, exhaust duct lining, condenser lining, condensate lines and pumps, and metal 
parts in cooling towers. (Condensers in geothermal plants may be of the direct-contact 


* “And he shall Judge among the nations, and shall rebuke many people, and they shall beat their swords 
into plowshares and their spears into pruning hooks. Nation shall not lift sword against nation, neither shall 
they learn war anymore.” (Isiah 2:4) 
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type, and hence cooling towers are exposed to geothermal condensate.) In the turbine, 
steam nozzles and blades subjected to dry or high-quality steam are usually made of 
11 to 13 percent chrome steel. The nozzles are usually designed with large throat areas 
on a wide pitch to minimize scaling. Because nickel is particularly sensitive to HoS 
corrosion, it is not recommended for use in the rotor. The cooling towers are usually 
designed with plastic fill and concrete shells, the latter coated with coal-tar epoxy. 
Aluminum is recommended for condensate pipes and valves that are made large enough 
to allow low velocities and hence erosion. Aluminum is also recommended for switch^ 
yard structures that are in the open but in a generally corrosive atmosphere. 

Another effect of H 2 S is that it is corrosive to bare copper, particularly in the 
humid atmosphere around geothermal plants. Unprotected copper is to be avoided in 
plant electrical equipment that requires special attention. Electrical relays, motor con¬ 
trol equipment, excitation gear, switchgear, and others are often kept in “clean rooms’ 
under positive gauge pressure to isolate them from the corrosive atmosphere outside. 
Static-type exciters, instead of copper-commutator, motor-driven exciters, are used. 
Auxiliaries are usually motor-driven to avoid the additional corrosion of steam that 
occurs with turbine drives. 

A further effect of the noncondensables is that they are environmentally undesirable 
because they partly escape into the atmosphere. Most are corrosive in the normally 
damp atmosphere of the plant site and are noxious and toxic and hence major air 
pollutants. The most objectionable are H 2 S and, to a lesser extent, NH 3 . 

Another environmental problem caused by geothermal plants is land surface sub¬ 
sidence. This occurs because of the extraction of large quantities of underground fluids, 
though this is partly alleviated by reinjecting the spent brine or condensate into the 
ground, a procedure widely used in the oil industry. Reinjection also minimizes surface 
pollution. Large extractions and reinjections also pose the possibility of seismic dis¬ 
turbances. 

Noise pollution is another problem. Exhausts, blowdowns, and centrifugal sep¬ 
aration are some of the sources of noise that necessitate the installation of silencers 
on some equipment. 

Geopressured water, in addition to the above problems, is thought to carry large 
quantities of sand, especially at the high flows required. The result is increased erosion 
and scaling problems. 


12-5 VAPOK-DOMINATED SYSTEMS 

As indicated previously, vapor-dominated systems are the rarest form of geothermal 
energy but the most suitable for electricity generation and the most developed of all 
geothermal systems. They have the lowest cost and the least number of serious prob¬ 
lems. 

Figures 12-5 and 12-6 show a schematic and T-s diagram of 1 . vapor-dominated 
power system. Dry steam from the well (1) at perhaps 400°F (200°C) is used. It is 
nearly saturated at the bottom of the well and may have a shut-off pressure up to 500 
psia (—35 bar). Pressure drops through the well causes it to slightly superheat at the 
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Figure 12-5 Schematic of a vapor-dominated powerplant. 


well head (2). The pressure there rarely exceeds 100 psia (~7 bar). It then goes through 
a centnfugal separation to remove particulate matter and then enters the turbine after 
an additional pressure drop (3). Processes 1-2 and 2-3 are essentially throttling pro¬ 
cesses with constant enthalpy. The steam expands through the turbine and enters the 
condenser at 4. 

Because turbine flow is not returned to the cycle but reinjected back into the earth 
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(Mother Nature is our boiler), a direct-contact condenser of the barometric or low- 
level type (Sec. 6-2) may be used. Direct-contact condensers are more effective and 
less expensive than surface-type condensers. (The latter, however, are used in some 
new units with H 2 S removal systems, below.) The turbine exhaust steam at 4 mixes 
with the cooling water (7) that comes from a cooling tower. The mixture of 7 and 4 
is saturated water (5) that is pumped to the cooling tower ( 6 ). The greater part of the 
cooled water at 7 is recirculated to the condenser. The balance, which would normally 
be returned to the cycle in a conventional plant, is reinjected into the ground either 
before or after the cooling tower. The mass-flow rate of the reinjected water is less 
than that originating from the well because of losses in the centrifugal separator, steam- 
jet ejector (SJE), evaporation, drift and blowdown in the cooling tower, and other 
losses. No makeup water is necessary. 

A relatively large SJE (Sec. 6-3) is used to rid the condenser of the relatively 
large content of noncondensable gases and to minimize their corrosive effect on the 
condensate system. 

Examples of vapor-dominated systems are the plants at the Geysers in the United 
States, Larderello in Italy, and Matsukawa, Japan. A view of one of the 110-MW 
units, No. 14 at the Geysers, was shown in Figure 12-1. Note the large number of 
mechanical draft towers, which are necessitated by the relatively large amount of heal 
rejected. Geothermal plants use much lower temperature and pressure steam and higher 
condenser pressures than conventional plants, and hence they are much lower in 
efficiency, having heat rates some 2 to 3 times those of the best fossil-fueled plants. 
Other differences are the large-diameter steam piping as a result of the large specific 
volume of the low-pressure steam, the large SJE, and because of the low efficiency, 
large turbines, condensers, and plant auxiliaries. In order to reduce the amount of 
cooling water needed, and therefore cooling-tower flow, the turbines are usually op¬ 
erated at relatively high back pressures, about 4 inHg absolute (~2 psia, 0.135 bar) 
or higher. 


Example 12-1 A 100-MW vapx)r-dominated system as shown in Figs. 12-5 and 
12-6 uses saturated steam from a well with a shut-off pressure of 400 psia. Steam 
enters the turbine at 80 psia and condenses at 2 psia. The turbine polytropic 
efficiency is 0.82 and the turbine-generator combined mechanical and electrical 
efficiency is 0.9. The cooling-tower exit is at 70°F. Calculate the necessary steam 
flow, lb„/h and ft^/min; the cooling-water flow, lb„yh; and the plant efficiency 
and heat rate, Btu/kWh, if reinjection occurs prior to the cooling tower. 


Solution Refer to Figs. 12-5 and 12-6 and to the steam tables, App. A. 


and 


hi = hg at 400 psia = 1204.6 Btu/lb,„ 
/13 at 80 psia = hy = 1204.6 Btu/lb,„ 
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Thus 

= 350°F (38°F superheat) 
53 = 1 -6473 Btu/(lb^ • "R) 
V 3 = 5.801 ftVlK 


at 2 psia = 53 = 1.6473 = 0.1750 .T4.j(1.7450) 

Therefore 

JC 4 .. - 0.8437 

h 4 ,s = 94.03 -f 0.8437(1022.1) = 956.4 Btu/lb^ 
Isentropic turbine work = hj — h^ s - 1204.6 - 956.4 
= 248.2 Btu/lb^ 

Actual turbine work = 0.82 x 248.2 = 203.5 Btu/lb^ 


= 1204.6 - 203.5 = 1001.1 Btu/lb^ 
t (ignoring pump work) = 94.03 Btu/lb^ 


Turbine steam flow = 

Turbine volume flow 


h, = hj at 70T = 38.05 Btu/lb^ 


100 X 3.412 X 10 ^ 
203.5 X 0.9 


= 1.863 X 10MbJh 


1.863 X 10^ X V 3 
60 


= 1.8 X 10^ ft^/min 


Cooling-water flow mj: nij{h^ — h-f) — m 4 (h^ — h^) 


Therefore 


^ lomj— = 16.2 x 1.863 x io‘ 

’ 94.03 - 38.05 

= 30.187 X 10Mb../h 

Heat added = h\ ~ /la “ 1204.6 — 94.03 = 1110.57 Btu/lb„ 
203.5 X 0.9 


Plant efficiency = 


Plant heat rate = 


1110.57 
3412 


= 0.1649 = 16.49% 


0.1649 


= 20,690 Btu/kWh 
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H 2 S Removal 

H 2 S is found in the Geysers steam at concentrations around 200 ppm. It is toxic, 
noxious, and poses major air quality problems. Because of recent environmental reg¬ 
ulations on its release to the atmosphere, the latest Geysers units (13 through 17) use 
conventional shell-and-tube surface-type condensers so that the cooling water does not 
mix with the turbine exhaust until after the noncondensable gases have been removed. 
This reduces plant efficiency somewhat because surface condensers are less effective 
than direct-contact ones. In addition, a process called the Stretford process is used to 
remove H 2 S. This process was originally developed for the coal industry and is said 
to achieve more than 90 percent H 2 S abatement when used in conjunction with a 
surface condenser, and commercial-grade sulfur is produced as a by-product [111|. 
Figure 12-7 shows unit No. 15 of the Geysers, a 59-MW unit that uses the Stretford 
process (shown to the left in the picture). The system has not always proven satisfactory 
in operation, however. 

Pacific Gas and Electric Co., DOE, and EPRI are testing methods of upstream 
H 2 S abatement. One approach that has proven technically feasible in small-scale ex¬ 
periments operates on steam upstream of the turbine. That steam is cooled and con¬ 
densed in a vessel at a temperature where H 2 S and other undesirable gases do not 
condense and are removed, The purer water is then reevap>orated and sent to the turbine. 
The loss of heat in the condensing process is reduced by a regenerative-type heat 
exchanger that is placed so that the incoming steam reevaporates the condensed steam. 



Figure 12-7 59-MW unit No. 15 of the Geysers, with H 2 S removal by the Stretford method shown to the 
left. (Courtesy Pacific Gas and Electric Co.) 
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Some loss of availability, however, does occur, thus posing a further penalty on cycle 
efficiency. Studies have shown this to be of the order of a few percent. The concept 
is simple, economical, and has the advantage of removing the gases before they reach 
the turbine. The experiments showed a 94 percent H 2 S abatement. A scaled-up pilot 
unit is planned for the mid-1980s. 


12-6 LIQUID-DOMINATED SYSTEMS: FLASHED STEAM 

Although the largest geothermal power generation to date (1982) comes from vapor- 
dominated systems, these systems are rare, and the natural expansion of generation 
must come from liquid-dominated systems, which are much more abundant, though 
not so much as geopressured or petrothermal systems. However, as indicated earlier, 
liquid-dominated systems require the least extension of technology. The known re¬ 
sources show that water is available above 3(X)°F (150°C), with some up to 600°F 
(315°C), When tapped, the water can flow naturally under its own pressure or be 
pumped to the surface. The drop in pressure causes it to partially flash into steam and 
arrive at the well head as a low-quality, i.e., liquid-dominated, two-phase mixture. 

The water comes with various degrees of salinity, ranging from 3000 to 280,000 
ppm of dissolved solids, and at various temperatures. There are, therefore, various 
systems for converting liquid-dominated systems into useful work that depend upon 
these variables. Two methods stand out; (1) the flashed-steam system, suitable for 
water in the higher-temperature range, and covered in this section, and (2) the binary- 
cycle system, suitable for water at moderate temperatures (Sec. 12-7). A third method, 
called the total-flow system, awaits further development (Sec. 12-8). 


The Flashed-Steam System 

This system, reserved for water in the higher-temperature range, is illustrated by the 
flow and T-s diagrams of Figs. 12-8 and 12-9. Water from the underground reservoir 
at 1 reaches the well head at 2 at a lower pressure. Process 1-2 is essentially a constant 
enthalpy throttling process that results in a two-phase mixture of low quality at 2. This 
is throttled further in a flash separator resulting in a still low but slightly higher quality 
at 3. This mixture is now separated into dry saturated steam at 4 and saturated brine 
at 5. The latter is reinjected into the ground. 

The dry steam, a small fraction of the total well discharge (because of the low 
quality at 3), and usually at pressures below 100 psig (8 bar), is expanded in a turbine 
to 6 and mixed with cooling water in a direct-contact condenser with the mixture at 
7 going to a cooling tower in the same fashion as the vapor-dominated system. The 
balance of the condensate after the cooling water is recirculated to the condenser is 
reinjected into the ground. 

Example 2-2 A flashed-steam system such as that shown in Fig. 12-8 uses a hot- 
water reservoir that contains water at 460°F and 160 psia. The separator pressure 
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Figure 12-8 Schematic of a liquid-dominated single-flash steam system. 


is 100 psia. Find (1) the mass-flow rate of water from the well and of reinjected 
brine per unit mass-flow rate of steam into the turbine and (2) the ratio of enthalpies 
of spent brine to steam. 

Solution 


h, - /i^at460°F = 441.5 Btu/lb^ 

^3 ^1 "b psia 


441.5 = 298.5 + Jt3(888.6) 



Figure 12-9 T-s diagram of the cycle 
shown in Fig. 12-8 
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Therefore 

JC3 = 0.161 

1. Mass of water from well per unit mass of steam Hx^ = 6.21. 

Mass of reinjected brine per unit mass of steam = 6.21 - 1 = 5.21. 

2. Ratio of enthalpy at 5 to enthalpy at 4 = 52\{h^lh^) = 5.21 x (298.54/ 

1187.2) = 1.31. 

The flashed-steam system is a more difficult proposition than the vapor-dominated 
system for several reasons: (1) much larger total mass-flow rates through the well, as 
shown by the above example; (2) a greater degree of ground surface subsidence as a 
result of such large flows; (3) a greater degree of precipitation of minerals from the 
brine, resulting in the necessity for design of valves, pumps, separator internals, and 
other equipment for operation under scaling conditions; and (4) greater corrosion of 
piping, well casing, and other conduits. 

Flashed-steam systems have been widely used in Japan, New Zealand, Italy, 
Mexico, and elsewhere. An example is the 10-MW Onuma plant in Akita Prefecture 
in northern Honshu, Japan, which has been in operation since 1973. In this plant steam 
enters the turbine at 127°C (66TF) and 2.45 bar (35.6 psia). Another is the 75-MW 
Cerro Prieto plant located in the Mexicali-Imperial Rift Valley in Mexico, 35 km south 
of the U.S. border. It has been in operation since 1973. Additional units are being 
built there with a potential between 400 and 1000 MW. In the United States, devel¬ 
opment has lagged because of the availability of lower-cost energy sources. With the 
energy crisis, however, activity in this field began with a 10-MW pilot plant built by 
the Southern California Edison Company and Union Oil Company of California that 
went into operation in 1981 in Brawley, California. Several plants, in the 20- to 50- 
MW range are being planned in California, Nevada, New Mexico, and Utah. 


Improvements in the Flashed-Steam System 

The spent brine leaving the separator at 5 (Fig. 12-8) has a large mass-flow rate and 
a large total energy compared with that in the steam used to drive the turbine at 4. In 
Example 12-2, the ratio of the brine enthalpy to the steam enthalpy was found to be 
1 31:1. Improvements in the cycle would therefore use some of this otherwise lost 
energy in the cycle. Two methods arc being developed: 

1. Double flash. Depending upon the original water conditions, the brine at 5 is 
admitted to a second, lower-pressure separator, where it flashes to a lower-pressure 
steam that would be admitted to a low-pressure stage in the turbine. The new lower- 
pressure brine carries less energy with it and represents a reduced energy loss to the 
cycle. Figures 12-10 and 12-11 show a schematic flow and T-s diagram of a double¬ 
flash steam system. The saturated brine from the first-stage flash separator at 5 is 
reflashed in a second-stage separator at lower pressure to 6. The lower-pressure steam 
from that separator is admitted to the admission turbine at a lower-pressure stage. The 
remaining spent brine at 8 is reinjected into the ground. An example of the double- 
flash system is the 50-MW Hatchobaru plant built on the island of Kyushu in Japan. 
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Figure 12-10 Schematic of a liquid-dominated, double-flash steam system. The cycle below the turbine is 
the same as in Fig. 12-8. 


It uses an innovative steam condenser and gas extraction system and a dual-admission, 
double-flow steam turbine. 

2. Wafer turbine. Here the spent brine at 5, still at high pressure, is used instead 
to drive a water turbine and an additional electric generator operating in parallel with 
the steam-turbine generator. A variation of this principle, being development under 
an EPRI contract, uses a so-called rotary separator turbine (RST), In this system, the 



Figure 12-11 T-s diagram of the cycle 
shown in Fig. 12-10. 
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fluid leaving the well head as a two-phase mixture of steam and water is partially 
expanded in a nozzle. This increases the steam fraction (as was done in the separator 
of Fig. 12-8) but also imparts a higher kinetic energy to the denser water, thus 
facilitating separation of the two phases. This separation takes place in a rotating drum 
bv centrifugal acceleration. The steam is admitted to a steam turbine in the usual 
fashion. The water at high kinetic energy is used in a special liquid turbine, after 
which it is reinjected into the ground. A 20-kW unit based on this system is undergoing 
tests at Roosevelt Hot Springs, Utah. Initial results show a 15 to 20 percent improve¬ 
ment in utilization of the original water energy over a single flashed-steam system. 
Larger RST units are being developed for possible commercial use in the late 1980s 
1113 ]. 

12-7 LIQUID-DOMINATED SYSTEMS: BINARY CYCLE 

About 50 percent of hydrothermal water is in the moderate temperature range of 300 
to 400°F (—150 to 205°C).* If used in a flashed-steam system, it would have to be 
throttled down to such low pressures that result in excessively large specific volume 
flows as well as even poorer cycle efficiencies. Instead this water is used as a heat 
source for a closed cycle that uses another working fluid that has suitable pressure- 
temperature-volume characteristics. This is likely to be an organic with a low boiling 
point, such as isobutane ( 2 -methyl propane) C 4 H 10 (normal boiling point at one atm 
pressure: 14°F, - 10 °C), Freon -12 (normal boiling point: -21.6°F, “29.8°C) (App. 
B), ammonia (App, C), or propane (App. D). The working fluid would operate at 
higher pressures, corresponding to the source-water and heat-sink temperatures. 

Figure 12-12 shows a schematic flow diagram of a binary-cycle system. Hot water 
or bnne from the underground reservoir circulates through a heat exchanger and is 
pumped back to the ground, in the heat exchanger it transfers its heat to the organic 
fluid thus converting it to a superheated vapor that is used in a standard closed Rankine 
cycle. The vapor drives the turbine and is condensed in a surface condenser; the 
condensate is pumped back to the heat exchanger. The condenser is cooled by water 
from a natural source, if available, or a cooling-tower circulation system. The blow¬ 
down from the tower may be reinjected to the ground with the cooled brine. Makeup 
of the cooling-tower water must be provided, however. 

In the binary cycle there are no problems of corrosion or scaling in the working 
cycle components, such as the turbine and condenser. Such problems are confined 
only to the well casing and the heat exchanger. The heat exchanger is a shell-and- 
tube unit so that no contact between brine and working fluid takes place. 

The first binary cycle was installed in the Soviet Union on the Kamchatka peninsula 
in 1967. It had a gross output of 680 kW using a low-temperature water reservoir at 
80°C (176°F) and Freon-12 as working fluid. The in-plant power consumption (pump- 

* Water in lower temperature ranges is unsuitable for power production. It is however suitable for direct 
^utilization for domestic and mdustnal process heating. 
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Reservoir Reiniection 


Figure 12-12 Schematic of liquid-dominated binary-cycle system. 


ing, etc.) was 35 percent; the net output was 440 kW. The first binary cycle to be 
built in the United States is an 11-MW plant built by the Magma Company at East 
Mesa, in the Imperial Valley site in California. The site has a p>otential of 10,000 
MW, but a more conservative projection is about 1500 MW, including a 260-MW 
unit at East Mesa as well as others at Heber, Westmoreland, Brawley, and Salton 
Sea. 

The $14 million unit at East Mesa has production wells at depths of 5200 to 7500 
ft (1585 to 2290 m) which receive 360T (182°C) pressurized brine to 11 shell-and- 
tube heat exchangers. The heat exchangers are of the one-pass, counterflow type with 
very long tubes and no baffles to minimize scaling. The brine leaves the heat exchangers 
at 180^ and is reinjected into the ground. The brine has 9000 to 10,000 ppm of 
dissolved solids (mainly calcium chloride and salt), another reason for using a binary 
cycle. The working fluid is isobutane. A parallel loop using propane is provided. 
Isobutane was chosen in preference to Freon-12, primarily because of its lower cost. 
The Magma Company contracted with San Diego Gas and Electric Company to sell 
it East Mesa power at 25 mill/kWh. 

The circulating-water system used in the isobutane condenser consists of two 
cooling ponds, one of which contains sprays used only at night to take advantage of 
the cool night air to cool the warm water. The cooled water goes to the other pond, 
which has sufficient capacity for cooling the plant during daytime. 

A second U S. binary-cycle plant is being built at Raft River, Idaho. It is a 10- 
MW plant that uses water at 3(X)°F (~150°C). A full-scale $122 million, 45-MW 
demonstration plant is planned for construction at Heber in the Imperial Valley. It is 
co-sponsored by EPRI, DOE, San Diego Gas and Electric Company, and various other 
agencies. 




GEOTHERMAL ENERGY 521 


12-8 liquid-dominated SYSTEMS: TOTAL-FLOW CONCEPT 

In the flashed-steam system, some useful energy is discarded with the separated brine 
regardless of how many stages of separation are used. Thermodynamically, therefore, 
direct expansion of the fluid from the well head to the condenser has the potential of 
converting the greatest fraction of available energy in the fluid to mechanical work. 
This means that the total well-head flow is to be expanded to the condenser pressure, 
hence the name total-flow concept [114]. In principle this concept is simple, as can 
be seen from the flow and T-s diagrams of Figs. 12-13 and 12-14. Again, hot brine 
from the well at 1 is throttled to 2, where it becomes a two-phase mixture of low 
quality. Instead of separating the two phases at this point, the full flow is expanded 
to 3, condensed to 4, and reinjected into the ground at 5. Comparing the T-s diagrams 
of Figs. 12-9 and 12-14 shows that the throttling process 2-3 that occurs in the flash 
separator in the former is no longer necessary and that, considering equal pressures 
at 2, the full available energy at 2 is used in the latter, while part of it is destroyed 
in the former as a result of throttling. In addition the flow in the flashed-steam turbine 
and hence the work per unit flow from the well head is only a small fraction, equal 
to the quality in the flash separator, of the total flow and work that would occur 
in the latter. 

Flashed-steam systems, and for that matter vapor-dominated systems, rely on 
axial-flow multistage steam turbines similar to those used in conventional powerplants 
except that they are designed for much lower pressures. These turbines use relatively 
clean high-quality or even superheated steam. The total-flow concept, on the other 



Ftgurc 12-13 Schematic of a liquid-dominated total-flow concept. 
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Figure 12-14 T-s diagram of cycle in 
Fig. 12-13. 


hand, requires the use of a mixed-phase expander powered by a two-phase mixture of 
low quality (2, Fig. 12-14). Such expanders must be able to overcome the losses 
associated with the impingement of liquid droplets on blades (turbines operate less 
efficiently as the quality decreases). They must also be able to withstand the corrosive 
and erosive effects of the significant quantities of dissolved solids in the brine. Such 
expanders have not yet been developed, although experimental and analytical work at 
Lawrence Livermore Laboratory, California, has taken place [113]. 

The considerations mentioned above point to an expander that is of simple and 
clean design, with minimum contact surface and minimum number of moving parts. 
It must also be easy to service and maintain and have long-term reliability. It appears 
from these requirements and from a study of a variety of expanders, including impulse, 
reaction, axial and radial flow, and positive displacement (helical screw and oscillating 
vane), that an impulse, single-stage (De Laval) turbine would be most suitable, as it 
has the advantage of mechanical simplicity and small size (although impulse staging 
may work in some cases). Recall from Sec. 5-3 that in the De Laval turbine full 
expansion of the well-head fluid from 2 to 3 would occur in a converging-diverging 
nozzle that converts the fluid enthalpy drop to kinetic energy at the turbine back 
pressure. The kinetic energy is then converted to mechanical work by the impulse 
blading. 

Problems to be solved before the total-flow concept can be a commercial success 
include brine management; inhibition of precipitation and scale; turbine material se¬ 
lection for maximum erosion resistance; the handling of the condensate, which is in 
the form of a slurry (solids in suspension rather than in solution in a liquid); and the 
carryover into the coolant system. The condenser, for example, would be a modified 
direct-contact barometric condenser (Sec. 6-2) designed to separate the vapor fraction 
from the brine fraction to prevent fouling of the circulating-water system. No water 
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Figure 12-15 Comparison of vanous liquid-dominaied sys¬ 
tems: (/I) total-flow concept; (B) two-stage flash; (C) single- 
stage flash; (£)) binary-cycle range (114J. 


makeup in the cooling tower is required as that can be supplied from the condensed 
steam before reinjection into the ground. 

Figure 12-15 shows the results of an analytical comparison of various liquid- 
dominated systems. The curves indicate that the total-flow concept produces the highest 
specific power per unit mass-flow rate at the well head. The calculations were based 
on the same condenser temperatures of 120°F, the same turbine efficiencies of 85 
percent, and the same in-plant power requirements of 30 percent of the gross. Dif¬ 
ferences in these would naturally change the differences between the curves. 


12-9 PETROTHERMAL SYSTEMS 

As indicated earlier (Sec. 12-3), petrothermal systems are those that are composed of 
hot dry rock (HDR) but no underground water. They represent by far the largest 
geothermal resource available. The rock, occurring at moderate depths, has very low 
permeability and needs to be fractured to increase its heat-transfer surface. 

The thermal energy of the HDR is extracted by pumping water (or other fluid) 
through a well that has been drilled to the lower part of the fractured rock. The water 
moves through the fractures, picking up heat. It then travels up a second well that has 
been drilled to the upper part of the rock and finally back to the surface. There, it is 
used in a powerplant to produce electricity. 

A feature of this scheme is that, as the reservoir heat is depleted with time, 
temperature differences within the rock result in stresses that cause the original fractures 
to propagate, thereby unlocking more HDR surface to the water and resulting in a 
pancake-shaped fracture zone. 
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Figure 12-16 shows the petrothermal concept as investigated by the Los Alamos 
Scientific Laboratory (LASL). It envisages a fracture zone in crystalline rock with 
bottom pipe at about 7500 ft (—2300 m) below the surface, water in at 1610 psia (I j i 
bar) and 65°C (150T) and out at 2000 psia (138 bar) and 280°C (540°F), and sufficient 
flow for a 150-MW heat exchanger. 

It is believed that HDR systems offer more flexibility in operation and design than 
other geothermal systems. For example, the designer can have a choice of water flow 
rates and temperatures by drilling to various depths, and the operator can change 
pumping pressure and hence flow rates to suit load conditions. 

Problems that are faced by developers include leakage of water (or other fluid) 
underground and the necessity of makeup for it from resources above ground, the 
effect of the water or fluid on rcx:k composition, material carryover with the fluid, and 



Figure 12-16 Petrothermal energy extraction (LASL). 
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cost. It should be noted that two wells are to be drilled instead of the one for hy¬ 
drothermal energy and that these wells are drilled deeper and in much harder rock. 
This is exp)ected to make petrolheimal exploitation very costly, unless the underground 
rock being developed is very hot. 

Many more studies on the mechanical, thermodynamic, and economic aspects of 
petrothermal systems are necessary before commercial exploitation becomes feasible. 
So far (1982), LASL has drilled several test wells at a facility near Fenton Hill, New 
Mexico. Based on these tests, consideration is being given to constructing a 40- to 
30-MW plant for start-up, tentatively, in the late 1980s. 


12-10 HYBRID GEOTHERMAL-FOSSIL SYSTEMS 

The concept of hybrid geothermal-fossil-fuel systems utilizes the relatively low-tem¬ 
perature heat of geothermal sources in the low-temperature end of a conventional cycle 
and the high-temperature heat from fossil-fuel combustion in the high-temperature end 
of that cycle. The concept thus combines the high-efficiency of a high-temperature 
cycle with a natural source of heat for part of the heat addition, thus reducing the 
consumption of the expensive and nonrenewable fossil fuel. 

There are two possible arrangements for hybrid plants 1115). These art {]) geother¬ 
mal preheat, suitable for low-temperature liquid-dominated systems, and (2) fossil 
superheat, suitable for vapor-dominated and high-temperature liquid-dominated sys¬ 
tems. 

Geothermal-Preheat Hydrid Systems 

In these systems the low-temperature geothermal energy is used for feedwater heating 
of an otherwise conventional fossil-fueled steam plant. Geothermal heat replaces some, 
or all, of the feedwater heaters, depending upon its temperature. A cycle operating 
on this principle is illustrated in Fig. 12-17. As shown, geothermal heat heats the 
feedwater throughout the low-temperature end prior to an open-typ)e deaerating heater 
(DA) (Sec. 2-8). The DA is followed by a boiler feed pump and three closed-type 
feedwater heaters with drains cascaded backward (Sec. 2-9). These receive heat from 
steam bled from higher-pressure stages of the turbine. No steam is bled from the lower- 
pressure stages because geothermal brine fulfills this function. 


Fossil-Superheat Hybrid Systems 

In these systems, the vapor-dominated steam, or the vapor obtained from a flash 
separator in a high-temperature liquid-dominated system, is superheated in a fossil- 
fired superheater. 

Figures 12-18 and 12-19 show schematic flow and T-s diagrams of a system 
proposed in [115]. It comprises a double-flash geothermal steam system. Steam pro¬ 
duced at 4 in the first-stage flash separator is preheated from 4 to 5 in a regenerator 
hy exhaust steam from the high-pressure turbine at 7. It is then superheated by a fossil 
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Figure 12-19 T-s diagram of cycle in 
Fig. 12-18. 


fuel-fired superheater to 6 and expands in the high-pressure turbine to 7 at a pressure 
near that of the second-stage steam separator. It then enters the regenerator, leaves it 
at 8. where it mixes with the lower-pressure steam produced in the second-stage flash 
separator at 15, and produces steam at 9, which expands in the lower-pressure turbine 
to 10. The condensate at 11 is pumped and reinjected into the ground at 12. The spent 
brine from the second-stage evaporator is also reinjected into the ground at 16. 


PROBLEMS 

12-1 Using a T-s diagram, (rO compare [he range of temperature.s and/or steam qualities or supertieats of 
liquid-dominated and vapor-dominated hydrothermal systems at ground level, and {b) calculate the range 
of well mass flow rates necessary to produce a unit dry-steam mass flow rate at turbine inlet. 

12-2 A geopressured well produces water at the surface at a temperature of 240°F, a salinity of 6 mass 
percent of pure water, and a methane gas content of 25 ft per barrel (U S. liquid) of water. The water 
flow rate is 50.000 bbl/day. Calculate {a) the mass of solids to be removed, in pounds mass pcr^lay, (fe) 
the available thermal power in pure water, in Bius per hour and megawatts, and (r) the available chcmica 
power, in Btus per hour and megawatts. Take water specific heat - 1 Btu/lb„ R, and rr».,thanc ig 
heating value = 23,560 Btu/lb„ 

12-3 A 250-MW vapor-dommaied hydrothermal powerplant uses well steam that is saturated at 450 psia 
at shutoff The steam is throttled to a turbine inlet pressure of 140 psia. A direct-contact condenser operates 
at a pressure of 5 psia with a cooling-water inlet temperature of 48T. The turbine polylropic efficiency is 
0 80 and the turbine-generator combined mcchanical-electrical efficiency is 0.90, Calculate (a) the steam 
mass flow rale, m pounds mass per hour, (h) the condenser cooling water mass flow rate, in j^nds mass 
per hour, (r) the cycle thermal efficiency and heat rate, in Btus per kilowatt hour, and id)lhc difference 
between well flow and disposal flow, in pounds mass per hour, if the cooling tower losses by evaporation 
and drift are 2 percent 
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12-4 A vapor-dominated hydrothermal field is capable of supplying 2500 kg/s of underground steam at 
2I5°C. The turbines operate with throttle pressures of 6 bar and have a polytropic efficiency of 0.8, The 
turbine generators have a combined mechanical-electrical efficiency of 0.875. The condensers arc of the 
surface type (for H 2 S removal) and operate at 0.4 bar with cooling water at 26"C, and a terminal temperature 
difference of 10®C. Determine (a) the total net capacity of the field, in megawatts, if the steam jet ejectors 
use 1 percent of the steam, and the auxilianes are estimated to consume 25 percent of the gross output, (6) 
the gross and net plant efficiencies and (c) the necessary total cooling water flow, in kilograms per second 
and cubic meters per second. 

12-5 A = 50 MW turbine receives hydrothermal steam at 100 psia and 350°F and exhausts to a surface 
condenser at 5 psia. The turbine p>olytropic efficiency is 80 percent. Estimate the mass of hydrogen sulfide 
that can be removed from the condenser, in pounds mass per hour. 

12-6 Consider a hydrogen sulfide abatement method from hydrothermal steam upstream of the turbine 
Steam comes into the system at 1(X) psia and 350®F, passes through a heal exchanger to reevaporate condensed 
steam, and then to a second heat exchanger where it is cooled further, leaving as saturated condensate at 
324°F. After HiS and other noncondcnsables are removed, the condensate flows back through the first heat 
exchanger, where it evaporates to saturated steam at 90 psia. This steam now expands iscntropically in a 
turbine to 5 psia. Draw the flow diagram of the system and calculate (a) the heat transferred in the two 
heat exchangers, in Btus per pound mass, and (b) the loss in isentropic work due to this process, in Btus 
per pound mass, 

12-7 A liquid-dominated geothermal plant with a single flash separator receives water at 400“F. The 
separator pressure is 150 psia. A direct-contact condenser operates at 5 psia. The turbine has a polytropic 
efficiency of 0.75. For a cycle output of 10 MW, find (a) the steam mass flow rate, in pounds mass per 
hour, (b) the well water mass flow rate, in pounds mass per hour, (c) the reinjected brine mass flow rate, 
in pounds mass per hour, (d) the cycle efficiency, and (e) the cooling water mass flow rate if such water 
is available at SOT. Ignore the pump work. 

12-8 A liquid-dominated geothermal plant with double flash separators receives water at 440T. The 
pressures in the separators are 150 and 80 psia. A direct contact condenser operates at 5 psia. The two 
turbine sections have polytropic efficiencies of 0.75. For a cycle output of 10 MW calculate, (a) the high- 
and low-pressure steam mass flow rates, in pounds mass per hour, (b) the well water mass flow rale, in 
pounds mass per hour, (r) the reinjected brine mass flow rate, in pounds mass per hour, and (d) the cycle 
efficiency. Compare these answers with those of Prob. 12-7, which has the same data but a single flash 
system. Ignore the pump work. 

12-9 A geothermal plant uses a liquid-dominated heat source and a binary cycle. 5 x 10* lb3 of 
underground brine enter a shell-and-tube heat exchanger at 280^ and leave at HOT to be reinjected into 
the ground. The working fluid, Freon-12, leaves the heat exchanger as saturated vapor at 230®F. It expands 
in a turbine that has a polytropic efficiency of 0.70 to a surface condenser at 128.24 psia. The mechanical- 
electrical efficiency of the turbine-generator is 0.9. The condensate pump has a polyuxipic efficiency of 
0.65. Calculate (a) the Freon-12 mass flow rate, in pounds mass per hour, (b) the plant power, in megawatts, 
and (c) the plant efficiency and heat rate, in Btus per kilowan-hour. 

12-10 A lO-MW binary cycle geothermal powerplant uses ammonia as working fluid. Brine from the ground 
enters and leaves the vapor generator at 320T and I20°F, respectively. Ammonia vapor is generated at 
200 psia and 3(X)°F and expands in the turbine to 120 psia with a polytropic efficiency of 0.72. Calculate 
{a) the turbine and net cycle work, in Btus per pounds mass of NH3, (^) the mass flow rate of ammonia, 
in pounds mass per hour, if the combined mechanical-electrical efficiency of the turbine generator is 0.80, 
(c) the mass flow rate of underground water, in pounds mass per hour, and {d) the cycle efficiency. 

12-11 A hot-water geothermal plant of the total-flow type receives water at 440^. The pressure at turbine 
inlet is 150 psia. The plant uses a direct contact condenser that operates at 5.0 psia. The turbine has a 
polytropic efficiency of 0.65. For a cycle net output of 10 MW, calculate (a) the hot water flow, in pounds 
mass per hour, {b) the condenser cooling water flow, in pounds mass per hour, if such water is available 
at SOT, and (c) the cycle efficiency. Ignore the pump work. 

12-12 A hybrid geothermal-fossil powerplant of the type shown schematically in Fig. 12-18 receives 
underground water at 440^F. The pressures in the separators are 150 and 80 psia. A direct-contact condenser 
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operates at 5 psia. The regenerator is 80 percent effective. The high pressure steam is superheated in the 
fossil-ftred superheater to SOO^F. Because of operations with superheated steam, the high- and low-pressure 
turbine sections have polytropic efficiencies of 0.88 and 0.85, respectively. For a cycle output of 10 MW, 
calculate (a) the well water mass flow rale, in pounds mass per hour, (b) the high- and low-pressure steam 
mass flow rates, in pounds mass per hour, (c) the heat added in the superheater, in Btus per hour, and {d) 
he cycle efficiency. Ignore the pump work, 
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century. In 1774 Joseph Priestly concentrated it on mercuric oxide. The result was 
the generation of a gas that was found “to cause a candle to bum brightly and a mouse 
to live longer” which he called “air in a much greater perfection.” This experiment, 
in reality, had led to the discovery of oxygen. It also led the French chemist, Lavoisier, 
to explain combustion as the chemical combination with oxygen. 

A century later, a relatively large solar distilling plant was installed in a desert 
in northern Chile. It used 4800 m^ of land and contained slanted roofs of glass plates 
that transmitted the sun’s rays to troughs of water below them. The vaporized water 
condensed on the cooler underside of the glass, ran down, and was collected in 
channels. The plant produced some 25 m^ of fresh water per day, which was used in 
a nitrate mine. It ran for 40 years until the mine was exhausted. 



Flfiire 13-1 Some early examples of solar-power conversion to mechanical power, (a) Solar steam engine, 
Paris, 1878. (b) Solar steam engine, Pasadena, Califcmiia, 1901. (r) Solar steam engine with flat-plate 
collector, Philadelphia, Pennsylvania, 1907, 1911. (d) Solar steam engine, Cairo, Egypt, 1913. 
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Solar-to-mechanical conversion was first demonstrated at an exhibition in Pahs 
in 1878 when sunlight was concentrated by a focusing collector on a steam boiler that 
ran a small steam engine that in turn ran a small printing press. In 1901, a larger (6 
m^) focusing collector in the form of a truncated cone generated steam for a 4.5-hp 
engine. In 1907 and 1911, near Philadelphia, F. Shuman built solar steam engines of 
several horsepower that were used for pumping water. In 1913, in collaboration with 
C. V. Boys, Shuman built the then large 50‘hp solar steam engine, which used a long 
parabolic collector that focused solar radiation onto a central pipe (with a concentration 
ratio of 4.5). The engine pumped irrigation water from the Nile, near Cairo. (The four 
systems mentioned above are shown in Fig. 13-1.) 

An early attempt at solar-electric conversion, as well as energy storage, was made 
by J. A. Harrington in New Mexico around 1915. Sunlight was focused on a boiler 
that ran a steam engine that pumped water into a 19-m^ tank 6 m above. The water 
thus stored was made to run down into a water turbine that powered an electric generator 
that lighted small electric bulbs inside a small mine. 

These and other activities could not, however, survive the competition of cheap 
fossil fuels, and little activity in solar development took place for 30 years or so. 
Renewed interest began in the 1950s as a result of the efforts of a few such as Farrington 
Daniels of Wisconsin, an interest that was accelerated by the energy crisis of the 1970s. 


13-3 EXTRATERRESTRIAL SOLAR RADIATION 

The total quantity of solar energy incident upon the earth is immense, but the energy 
is very diffuse and, because of the earth’s rotation and orbit around the sun, cyclic 
both daily and seasonally. It also suffers from atmospheric interference from clouds, 
particulate matter, gases, etc. In this section we will deal with the energy incident on 
the earth outside of its atmosphere. This is called extraterrestrial radiation. 

The earth rotates around the sun on a slightly elliptical orbit with major and minor 
axes differing by 1.7 percent. The earth is closest to the sun on December 21 at a 
distance of about 1.45 x 10'* m, and farthest on June 22 at about 1.54 x 10" m; 
the average distance is 1.49 x 10" m (Fig. 13-2). The sun has a diameter of about 
1.39 X 10*^ m and subtends an angle of only 32 minutes at the earth. For all practical 
purposes, therefore, the sun’s rays may be considered parallel when they reach the 
earth. The sun has an effective black-body temperature, as seen from the earth, of 
5762 K.* The spectral distribution of solar energy at the mean sun-earth distance 
outside the earth’s atmosphere is shown in Fig. 13-3 by curve A as beam irradiance 
flux per unit wavelength width in W/(s^ ■ p.m) versus wavelength in p,m (micrometers). 
As seen, it does not follow a smooth black-body spectral distribution curve. This 
spatial relationship between sun and earth and the sun’s effective temperature result 


* This is the temperature of a black body (a perfect radiator with both emissivily and absorptivity equal 
to 1.0) that radiates the same amount of energy as the sun. Tlic sun’s interior is much hotter and denser 
than its surface. At its center, the temperature is estimated at 8 x 10* to 40 x 10* K and the density at 
about 10^ kg/m^ 
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Figure 13-2 Orientation of earth and sun. (a) Earth’s orbit around sun; SS = summer sollice, June 22. 
AE = autumnal equinox, September 23; WS = winter soltice, December 22; VE = Vernal (spring) equi¬ 
nox, March 21. (b) The earth as seen from the sun; PA = polar axis; EA = ecliptic axis; EP = ecliptic 
plane. Circles from north to south: Arctic circle (66.5° N. lat ), tropic of capricorn (23.5° N. lai.), equator, 
tropic of cancer (23.5° S. lat.), antarctic circle (66.5° S. lat ). 


in extraterrestrial solar radiation intensity that is nearly constant and is called the solar 
constant S. It is equal to the area under curve A in Fig. 13-3 and has the values 

S = 1353 W/m^ = 1.353 kW/m^ 

S = 1.940 langley*/min 

S = 428 Btu/h ■ ft" 

5 = 4871 y/(h • m") 

The slightly elliptical orbit of the earth around the sun causes the actual extraterrestrial 
intensity to deviate only slightly from the solar constant with a range roughly ± 3 


The langley is a unit frequently used in solar engineering. It is equal to 1.0 cal/cm^ 
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Figure 13-3 Solar-energy beam radiation as a function of wavelength (A) extraterrestrial with air mass 
^ 0 irradiancc, / = 13^3 W/m’; {B) terrestnal, m„ = 1.0, / = 924.9 W/m^ (C) terrestrial, nta = 4, 
I -- 328,9 W/m‘; (Z)) terrestrial, = 10,/ - 234 5 W/m’. Curved according to NASA/ASTM standards. 
Curves B. C. D and computed for 20-mm precipitate water vapor, 3.4 mm ozone, and clear atmosphere 
11171 . 


percent. Other small variations occur with different periodicities and as a result of 
sunspots. 

Extraterrestrial solar radiation is all of the beam-radiaiion type, also called direct 
radiation. This is radiation received from the sun in essentially straight rays or beams 
that are unscattered by the atmosphere. 

The earth’s polar axis (the axis of rotation of the earth) is inclined a permanent 
23.45° from a normal to the ecliptic plane (EP), the plane of the earth’s orbit around 
the sun (Fig. \3-2b). The ecliptic axis (EA) of the earth is the one that goes through 
its center but which is always perpendicular to the ecliptic plane. The polar and ecliptic 
axes are in a plane normal to the sun’s rays at the two equinoxes and in a plane parallel 
to them at the two solstices. Thus, although the earth’s inclination is fixed in space, 
it appears to wobble around the sun with its northern hemisphere inclined toward it 
in the summer and away from it in the winter, with both hemispheres “seeing” it 
equally only at the equinoxes. 

The angle between the sun’s rays and the earth’s equatorial plane (normal to the 
polar axis) is called the sun’s declination angle Oj. In the northern hemisphere 6d is 
zero at both equinoxes and has a maximum value that corresponds to the tilt angle 
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+ 23.45° at the summer solstice and -23.45° at the winter solstice. The variation of 
dd during the year, for the northern hemisphere, is shown in Fig. 13-4. The seasonal 
variation of the terrestrial radiation on a horizontal surface at any one location on the 
earth’s surface is accounted for by the variation in 6^. 


13-4 TERRESTRIAL SOLAR RADIATION 

The solar energy falling on the earth’s surface is called terrestrial radiation. The rate 
of terrestrial energy falling on a unit surface area in W/m^, J/(s • m^), or Btu/(h • ft^) 
is variably referred to as radiation, irradiation, irradiance, insolation, or energy flux. 
Terrestrial radiation varies significantly, both daily because of the earth’s rotation and 
seasonally because of the change in the sun’s declination angle. During both the vernal 
and autumnal equinox, the sun’s rays are perpendicular to the earth’s surface at the 
equator and cause equal radiation intensities in the northern and southern hemispheres. 
At the summer solstice the earth’s axis is tilted towards the sun so that its northern 
hemisphere receives more radiation than the southern hemisphere. At the winter sol¬ 
stice, the reverse is true, with local solar intensities strongly dependent upon latitude. 
Besides variations caused by the spatial changes between the sun and earth, terrestrial 
radiation is subject to reductions and changes due to the presence of various gases, 
vapors, and particulate matter in the earth’s atmosphere. The extraterrestrial radiation 
is said to be attenuated by two mechanisms: scattering and absorption. 

Scattering is a mechanism by which part of a radiation beam is scattered laterally 
and is, therefore, attenuated by the air molecules, water vapor, and the dust in the 
atmosphere. The mechanism is dependent upon the type of scattering medium and the 
wavelength of radiation and is a rather complex phenomenon. It is known, however, 
that scattered, or diffuse, radiation is mostly of shorter wavelengths, which is the 
reason the sky appears blue. 

Absorption of solar radiation in the atmosphere is mainly by ozone O 3 , water 
vapor H 2 O, and carbon dioxide CO 2 . X-ray and other very short wavelength radiations 
of the sun are absorbed high in the ionosphere by N 2 , O 2 , and other components. The 
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main effects are caused by: (1) Ozone in the ultraviolet (short wavelength) rays with 
absorption complete below 0.29 p-m and decreasing between 0.29 and 0.35 p-m, where 
it ceases except for a weak absorption band near 0.6 p-m. (2) Water vapor with 
absorption strong in wavelength bands in the infrared (long wavelength) part of the 
spectrum, at 1.0, 1.4, and 1.8 p-m. (3) Carbon dioxide with no absorption bands in 
the short or visible parts of the spectrum but several between 2.36 to 3.02 p,m, 4.01 
to 4.08 pm, and 12.5 to 16.5 pm. The extraterrestrial radiation is very low in that 
region (less than 5 percent of the total spectrum) so that absorption by both H 2 O and 
CO 2 causes the energy received at wavelengths greater than 2.3 pm at the earth’s 
surface to be insignificant.* For terrestrial applications, therefore, only the wavelength 
range 0.29 to 2.5 p,m is significant. 

The terrestrial solar radiation, that incident on the earth’s surface, is composed 
of two parts: (1) beam radiation, defined above, and (2) diffuse radiation. The latter 
is radiation that had its direction changed by atmospheric scattering. It is sometimes 
called sky radiation because it is the radiation one feels if standing in the shade or 
under a small cloud on an otherwise sunny day. (It should not, however, be confused 
with radiation emitted by the atmosphere itself). 

The incident radiation on the earth’s surface is usually presented in terms of 
dimensionless air mass m^, defined as 

nia = air mass = ratio of optical thickness of the atmosphere through which beam 
radiation passes to the surface to its optical thickness if the sun 
were at the zenith, i.e,, directly above (dimensionless) 

Thus, ma = 0 means extraterrestrial, ma = 1 indicates sea level on the earth when 
the sur: is at the zenith, = 2 when the sun is at a zenith angle 6, equal to 60°. 6, 
is the angle subtended by the solar beam and the zenith. The air mass ma is related 
to zenith angles from 6^ = 0° to 6, = 70°, at sea level, by 

ma = (cos (13-1) 

For values of 6^ greater than 70°, the curvature of the earth becomes significant and 
nia becomes progressively smaller than that given by Eq. (13-1). 

Figure 13-3 shows the spectral distribution of extraterrestrial beam radiation {ma = 0) 
as well as terrestrial beam radiations for air masses = 1,4, and 10. The spectral 
distribution of the total radiation is the sum of both the beam and diffuse components. 
Measurements show that the diffuse component distribution is similar to that of the 
total, though shifted somewhat toward the short wavelengths. (Recall that scattering 
occurs most at short wavelengths.) This suggests that the spectral-energy distribution 
from an overcast sky is similar to that from a clear sky. 

Considering a horizontal surface on a clear day, both beam and diffuse radiation 
depend upon the hour of the day. Both are maximum around noon and both decrease 


* The CO 2 infrared absorptions are, however, significant when one considers low-temperature radiation 
from the earth back to space, which typically covers a spectral range of 3 to 50 p.m with a peak near 10 
P-m, An increase in CO 2 concentrations in the atmosphere are cause for concern because of the “greenhouse 
effect" (Sec. 17-6). 
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toward dusk, but beam radiation decreases at a faster rate. Thus the ratio of diffuse- 
to-beam radiation also depends upon the hour of the day, as it is very low around 
noon and increases slowly toward unity and slightly exceeds it at dusk. Table 13-1 
shows calculated beam and diffuse radiations for a clear August day in the Midwest 
(Madison, Wisconsin), including beam radiation on a surface normal to the radiation, 
i.e., one that tracks the sun, 4 beam radiation on a horizontal surface It,h\ diffuse 
radiation 7^; and cumulative radiation on a horizontal surface lc,h- All are in MJ/m^ 
for 1-h periods as shown. The totals for the day would be twice the sums of the 
columns. Thus the day total beam radiation on a normal surface is 2 x 15.38 = 30.76 
MJ/m^ per day. Likewise the day total beam radiation, diffuse, and cumulative on a 
horizontal surface would be 18.82, 3.74, and 22.56 MJ/m^ per day, respectively. The 
ratio of diffuse to beam radiation and their total are given only for a horizontal surface. 
The reason is that for a surface normal to the beam radiation, diffuse radiation is 
affected by the decrease of the “total” sky seen by the surface as well as reflectance 
effects from the ground. 

The computations given in Table 13-1 dealt with a clear day. The available 
terrestrial solar energy at a given time and place is influenced not only by time of day 
or year, location, and scattering as mentioned above but also by cloudiness. All effects 
may be combined in one parameter called the clearness index Ci, defined as 

C, = clearness index = ratio of the average radiation on a horizontal surface for a 
given period to the average extraterrestrial radiation for the same period 

The averaging could be nonthly, daily, or hourly, in which case C, would be a monthly, 
daily, or hourly clearness index. C, varies widely from near 30 to as high as 70 percent 
in some localities on earth, with its value going down to zero in some locations because 
of bad weather even in the daytime. 

Table 13-2 shows measured cumulative daily radiations on a horizontal surface 
in selected locations in the United States. 

The total radiation received by a surface however is undoubtedly greater from a 


Table 13-1 Beam and diffuse radiations 
for a clear August day in Madison, 
Wisconsin* 


Hour, 

p.m. 


h,h 

h 



12-1 

2.96 

2.50 

0.36 

0.14 

2.86 

1-2 

2.90 

2.31 

0.35 

0.05 

2.66 

2-3 

2.77 

1.95 

0.34 

0.17 

2.29 

3-4 

2.53 

1.44 

0.31 

0.22 

1.75 

4-5 

2.12 

0.87 

0.27 

0.31 

1.14 

5-6 

1.38 

0.31 

0.20 

0.65 

0.51 

6-7 

0.72 

0.03 

0.04 

1.33 

0.07 


♦From Ref. 116. 
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surface that is normal to beam radiations, as can be seen when comparing columns 2 
and 6 of Table 13-1, even though diffuse radiation is not included in the former. This 
is the reason why a radiation “collecting” surface would be more effective if it were 
made to track the sun, i.e., to change angle, so that it would always remain perpen¬ 
dicular to the rays emanating from it. We will see later, however, that in a central- 
receiver system, the tracking is such that the collecting surface should alter its angle 
so that it reflects solar radiation to a fixed in-place central receiver 

The total amount of solar radiation received by the earth is, as indicated earlier, 
immense. Because the sun’s rays are essentially parallel and hence perpendicular to 
the earth’s projected area, the extraterrestrial power received is given by the solar 
constant S times the projected area of the earth, or 

P, = (13-2) 

The radius of the earth R is 6.378 x 10^ m and S = 1.353 kW/m^, so that 

P, = 1.353 X 7K6.378 x lO^)^ = 1.73 x 10’" kW 

Energy per year = 1.73 x 10*" x 8766 h/year = 1.516 x 10’® kWh/year 

= 1.516 X 10*« X 3.6 = 5.457 x 10’® MJ/year 

The continental United States land area is about 2.885 x 10* mi^, about 7.5 x 10'^ 
m^. It thus receives extraterrestrial radiation at the rate of 7.5 x 10'^ x 1.353 = 10'^ 



Figve 13-S Aanual mean daily solar radiation in the United States, areas A < 300, B > 300, C > 350, 
D > 400, E > 450, F > 500 langley/day. (I langley = 1 cal/cm^. 1 langlcy/day = 4.846 x 10^ kW/ 
* 0.01163 kWh/m^ per day.) 
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Solar noon 


Figure 13-6 Daily variations of so¬ 
lar radiation falling on a surface 
peipendicular to beam radiation at 
both soitices and equinoxes in Al¬ 
buquerque, New Mexico. 


kW when the sun is shining. For a yearly average sunshine of 12 h/day, the total 
yearly extraterrestrial radiation would be 10’^ x 8766/2 = 4.43 x 10^^ kWh/year. 
Assuming an average clearness index C, of 50 percent, the terrestrial radiation received 
by the continental United States would be about 2.2 x 10’^ kWh/year. Figure 13-5 
shows the annual terrestrial mean daily solar radiation falling on the United States in 
langleys(l langley = 1 cal/cm" = 41.87 kJ/m^ = 0.0116kWh/m^ = 3.69 Btu/ft^). 
Figure 13-6 shows an example of solar radiation falling on a surface normal to the 
sun’s rays in Albuquerque, New Mexico, versus time of day based on the mean sun 
time* at the two solstices and either equinox. It is interesting to note that during the 
winter solstice, the maximum radiation is highest because the sky is clearest though 
it does not last as long during the day. 


13-5 SOLAR-ELECTRIC CONVERSION SYSTEMS 

The yearly consumption of all forms of energy in the continental United States in the 
early 1980s was 78 x 10’^ Btu, or 2.286 X 10'^ kWh, of which about 25 percent 
or 20 X 10‘^ Btu, or 5.86 X 10*^ kWh, was used to generate electricity. At an average 
conversion efficiency of about 30 to 32 percent, the total electric-power consumption 
was about 1.8 x 10^^ kWh/year. 

* The mean sun time (MST) on earth is calculated from the local standard time (LST) for each longitude. 
The 360® of the earth are divided into twenty-four IS^-wide geographical time zones (artificially modified 
by political boundaries). An imaginary longitudinal line runs through the center of each time zone. It is 
called the standard meridian of that zone. (In the United States the standard meridians arc located at 
longitudes 75“ for eastern standard time, 90“ for central stuidard time, 105“ for mountain standard time, 
120“ for Pacific standard time.) At each meridian the local standard time and the mean sun tinjc arc 
identical. At points within a zone east or west of its meridian, the mean sun time is later or earlier, 
ttspccUvely, than the local standard time. Because the earth rotates 360“ in 24 h or 24 x 60 = 1440 min, 
c*ch degree of rotation corresponds to 1440/360 = 4 min. Thus 
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It can be seen that the terrestrial solar incidence of 2.2 X 10’^ kWh/year can 
supply some 1000 times all the energy consumption or some 12,000 the electric-energy 
consumption in the United States, if the entire surface area is available for collection 
and nothing is left for housing, industry, food growing, etc., and if the solar-to-electnc 
conversion efficiency were 100 percent. 

It is this abundance of “free” energy that has given solar proponents much am¬ 
munition, though their arguments ignore the fact that not all areas have dependable 
solar radiation (high average C,), and even these suffer from daily and seasonal pe¬ 
riodicity, and that solar-to-electric conversion is capital-intensive and inefficient. Still, 
such conversion is an engineering feasibility and, in locations remote from an electric 
grid, where the demands are low, may be an economic feasibility. 

Solar energy may be converted to electricity by one of two means: solar thermal 
conversion or photovoltaic conversion. 

Solar-Thermal Conversion 

By this method solar radiation is converted to heat that in turn is added to a ther¬ 
modynamic cycle to produce mechanical work and electricity. For this to be efficient, 
and hence economical, it is necessary to collect and concentrate the diffuse solar 
radiation in an efficient manner to arrive at a reasonably high-temp>erature heat source. 
The collectors gather the sun’s energy and direct it onto receivers that contain the 
working fluid of the thermodynamic cycle. The receivers that are the subject of the 
most serious considerations are: 

1. Central receivers. 

2. Dispersed or distributed receivers. These could be of (a) the point-focus typ)e or 
(b) the line-focus typ)e. 

3. Ponds. 


degrees cast 
or 

- degrees west 

During periods of daylight saving time, LST is obtained by subtracting 1 h from the local daylight time 
(LDT). 

The true or local sun lime, called the apparent solar time (AST), and the mean sun time (MST) would 
be the same if the earth rotated around the sun in a circular orbit and thus at constant velocity. The somewhat 
elliptical orbit of the earth causes its velocity to vary and, therefore, the sun to appear on earth to be earlier 
or later than the mean sun time. The difference between AST and MST is called the equation of time (ET), 
which is not an equation at all but a variable correction factor that depends upon the time of the year as 
shown; 


^ of standard meridian X 4 min 


21st day of 

Jan. Feb. 

Mar. Apr. 

May June July 

Aug. Sept. 

(3ct. 

Nov. 

Dec. 

ET, min 

-11.2 -13.9 

-7.5 +1.1 

+ 3.3 -1.4 -6.1 

-2.4 +7.5 

+ 15.4 

+ 13.8 

+ 1.6" 


Thus AST = MST + equation of time. 
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The conversion systems used in solar-thermal-electric conversion are of many 
types. These include: 

1 . Rankine cycle, using steam or other working fluid 

2. Brayton cycle, using helium or air as working fluid 

3. Hybrid systems 

4. Repowering systems 

In addition, storage systems may be necessary. Systems producing process heat only 
are also receiving some attention. 

Photovoltaic Conversion 

Photovoltaic systems consist of direct-conversion devices in the form of cells that 
convert the solar radiant-energy photons to electricity without benefit of a thermo¬ 
dynamic cycle or working fluid. They can be their own collectors or can use concen¬ 
trating collectors that focus the solar input on them. 

The cells produce low currents and voltages and are therefore usually combined 
into modules that in turn are combined in panels and then arrays to meet specific power 
requirements. The cells are made of 

1. Single-crystal silicon 

2. Silicon with many crystals 

3. Thin films with a wide range of single chemical compounds or combinations of 
them 

These various devices will be covered in the next few sections in this chapter. 


13-6 SOLAR-THERMAL CENTRAL-RECEIVER SYSTEMS 

The central-receiver approach to solar-thermal-electric systems uses a large field of 
reflecting mirrors called heliostats that redirect the sun’s energy and concentrate it on 
a central receiver mounted on top of a tower (Fig. 13-7). The heliostats are individually 
guided, since they cover a large field, so that each focuses the sun’s energy it receives 
on the central receiver at all hours of sunlight. In the receiver the concentrated solar 
energy is absorbed by a circulating fluid. The fluid could be water, which vaporizes 
into steam that is used to drive a turbogenerator in a Rankine cycle, or an intermediate 
fluid that transports the heat to the steam cycle. 

The system should incorporate storage for nighttime and cloudy periods, as shown 
‘u Fig. 13-7. The receiver output is made greater than that required by the steam cycle, 
and the excess output during periods of greatest solar incidence is bypassed to a thermal 
storage system. During periods of low or no solar incidence, the feedwater is shunted 
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Pumps 


Figure 13-7 Schematic of a solar-thermal central-receiver system powerplant. 


to the storage system, instead of to the receiver, where it vaporizes for use in the 
turbine. Proper valving in the system allows operation in either mode. 

Because solar-thermal electric plants are most likely to be located in hot arid areas 
where land is plentiful (for the large heliostat field) and where the sun’s energy is 
plentiful and dependable, but where cooling water is scarce, the condenser water is 
most probably cooled by a dry-cooling tower. Such towers are less effective and cause 
a reduction in Rankine cycle efficiency but require practically no makeup water (Sec. 
7-7). 

In the next five sections, the major subsystems of the central-receiver concept will 
be presented, with many of the design features and data obtained from the Solar One 
plant experience. Solar One is a l()-MW(e) (peak) pilot plant located in the Mojave 
Desert in California that went into operation and testing in mid-1982 (Sec. 13-11) 
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13-7 THE HELIOSTATS 

The heliostats* are reflecting mirrors that are steerable so that they can reflect the 
sun’s rays on the central receiver at almost aJl times during the daylight hours. In 
essence, they keep the sun stationary as far as the receiver is concerned. They are 
made to track the sun, not by being perpendicular to its rays (as in distributed systems, 
Sec. 13-12) but by being at such an angle to these rays that they reflect them to the 
stationary receiver. This angle depends upon both the time of day and the position of 
the individual heliostat with respect to the receiver. 

A heliostat is composed of a reflective surface or mirror, mirror support structure, 
pedestal, foundation, and control and drive mechanisms. Current designs have total 
reflective areas between 40 and 70 m^. Ideally, the surface should be slightly parabolic 
with the focal length equal to the distance from the surface to the receiver but, because 
that distance is long, spherical or even flat surfaces offer good performance. There 
are two types of reflecting surfaces: glass and plastic. 

A glass heliostat is typically divided into 10 to 14 panels rather than a single 
large surface for ease of manufacture and transportation (Fig. 13-8). A glass panel is 
typically a second-surface mirror (similar to household mirrors). The panels are usually 
rectangular, 1.2 x 3.6 m (4 x 12 ft) being typical. They are made of thin (1.5 to 3 
mm) low-iron glass sheets to minimize absorption. The panels, when assembled, are 
canted slightly with respect to each other, with the canting varying throughout the 
field, to focus the sun’s rays on the receiver. 

Heliostats that use glass are much further developed at this time (1982) than plastic 
ones mainly because of their higher reflectance and strength. Current heliostats, there¬ 
fore are constructed of glass and silver for the reflecting surface plus steel and aluminum 
or copper for the supporting structure. They must be constructed in a massive, sturdy 
manner to withstand strong wind loads and other severe weather conditions. They 
range widely in mass, from 5 to 60 kg/m^ of mirror area, excluding foundation. The 
lO-MW(e) Solar One pilot plant uses 1818 glass heliostats of the type shown in Fig. 
13-8, each containing 12 separate panels. 

The heliostats currently account for about 45 percent of the total capital cost of 
a solar-thermal central-receiver powerplant (the tower and receiver account for about 
11 percent each, the thermal storage system for about 17 percent, and the rest is divided 
among the land and the balance of the plant). A reduction in heliostat costs is therefore 
a major goal in reducing plant capital costs, which are currently estimated at 2 to 5 
times the cost of conventional and nuclear powerplants, with a heliostat cost of about 
$250/m^. DOE second-generation heliostat studies indicate the cost would go down 
to $110/m^ to $150/m^ (in 1980 dollars) if ordered in quantity. 

The plastic heliostat, although lower in reflectance and strength than the glass 
heliostat, promises lower costs, lower mass of the reflector surface, and hence lower 
mass and costs of the support structure and drive mechanism. A typical plastic heliostat 
design by Boeing (Fig. 13-9) has a reflecting, stretched plastic film disc of 16.7-m^ 
area that is protected from wind loads by an air-supported plastic bubble. 

* From the Greek helios, “the sun.” In Greek mythology: the sun god, son of Hyperion. 
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Figure 13-8 A typical glass-heliostat system, 
rear view (McDonnell Douglas.) 


The Heliostat Field 

The heliostat field supplying a central receiver, also called the collector subsystem, 
has a shape that must be optimized to suit the topography of the area and the power 
level of the plant. The field may be on a flat terrain, on the side of a hill, etc. In the 
northern hemisphere, the noontime sun is always south of the central-receiver tower, 
so a north field is usually most cost-effective because its cosine loss (below) is least. 

For small plants, of less than 100 MW of thermal-energy input, a totally north 
field is optimum (Fig. 13-I0cf). As plant size increases, the field becomes larger and 
many heliostats are farther from the tower. The atmosphere around the plant attenuates 
the reflected radiation from the most distant north heliostats. The receiver input can 
then be improved by rel(x:ating the distant heliostats to the east and west of the tower 
and, as plant size increases further, to the south of it (Fig. 13-10/?), In such cases, 
the additional cosine loss is less than the atmospheric attenuation loss from the distant 
north heliostats. 
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Figure 13-10 Optimum hcliostat field 
shapes oriented for the northern hemi¬ 
sphere; (a) small plant < 100 MW(t) 
and (b) large plant > 5000 MW(t), 
Dimensions in multiples of receiver- 
tower height H [118], 


The energy losses betwen the extraterrestrial (solar constant) and terrestrial in¬ 
solations have already been discussed. There are, in addition, energy losses between 
the incident energy on the heliostat field and the receiver. These may be summarized 
by; 


1. Shadowing, This is caused by one heliostat casting a shadow on the reflective 
surface of another at certain times of the day. (The tower shadow on the heliostats 
has a negligible effect.) 

2. Cosine loss. Since the reflective surface of a heliostat is not perpendicular to the 
beam radiation from the sun, but assumes an angle that would reflect that beam to 
the central receiver, the area of solar flux intercepted by the heliostat is less than 
its reflective surface by the cosine of the angle between the surface and the per¬ 
pendicular to the beam. 

3. Blocking. This is the result when the reflected light from one heliostat is partially 
blocked by the back side of another. 

4. Reflective losses. These result from absorption of the incident radiation by the glass 
and silvering and by scattering by dirt on the reflective surface. They prevent some 
of the light from being specularly reflected to the receiver. 

5. Attenuation. This represents losses by absorption and scatter by water vapor, haze, 
fog, smoke, and particulates in the atmosphere between the heliostat and receiver. 

The collector field, and the heliostat layout within that field, should therefore be 
optimized to transport the required thermal energy tQ the receiver at the lowest cost. 
As always, optimization implies trade-offs between usually conflicting requirements. 
For example, reducing shadowing and blocking by increasing spacing between he¬ 
liostats results in greater attenuation, greater land use for a given energy input, and a 
larger image at the receiver, resulting in greater spillage (below). 

Studies have shown that the most cost-effective layout of heliostats within their 
field is a radial stagger layout (Fig. 13-11)- It minimizes losses by blocking and 
attenuation and results in minimum land use. 
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Figure 13-11 Radial stagger heliostat layout with respect to the receiver. 


Heliostat Control 

The insolation to the field varies from hour to hour, as well as seasonally (Fig. 13- 
6). At sunrise most of the heliostats are shadowed except in the extreme western sector. 
A similar situation occurs at sunset. A minimum practical amount of energy, usually 
considered at 10 percent of peak power, can only be collected when the sun is at an 
elevation of 15° or greater from horizontal. The reflected power and the receiver losses 
(below) are shown compared to the normal incident terrestrial insolation for the summer 
solstice, equinox, and winter solstice in Fig. 13-12, with a rapid rise and fall at 15° 
from sunrise and sunset. The receiver loss is nearly constant and independent of time 
of day as it operates at a fixed design temperature. Hence, that loss is a greater fraction 
of the input during off noon operation. 

The daily operating cycle of solar-energy collection therefore includes morning 
start-up, operation during the power periods shown in Fig. 13-12, and evening shut¬ 
down. During nonoperation, the heliostats are placed in the stow, or storage, position 
This is usually a horizontal face down or a vertical position. For morning start-up, 
they are maneuvered from the stow position to a standby position with the reflected 
sun rays aimed at a point adjacent to but not at the receiver itself. This maneuver may 
take as much as 15 min and may consume as much as 0.1 kWh per heliostat. The 
receiver is then started up (coolant pumped through), after which the heliostats arc 
sequentially moved from the standby position to the operating position, i.e., with 
reflected sun rays aimed at the receiver surface. This prevents overheating of the 
receiver. Receiver flow controls also help prevent overheating. 

During normal operation, the heliostats are in a sun-tracking mode, in which each 
is adjusted by a controller to keep the reflected sun rays at the aim point. Different 
heliostats can have slightly different aim points in order to spread the energy flux 
uniformly over the receiver surface. Sun tracking of the heliostats is accomplished by 
one of two methods. The first uses active reflected-beam sensors that control drive 
motors on the heliostat to orient the reflective surfaces so that the beam is continuously 
reflected to its aim point. The second method uses a preprogrammed computer conu-ol 
that orients the reflective surfaces according to their position with respect to the receiver, 
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Reflected power 





Figure 13-12 Incident normal insolation, reflected 
power reaching the receiver, and thermal power 
converted by the receiver at the two solstices and 
solstice equinoxes, showing effects of start-up and shut¬ 
down 1118]. 


time of day, and day of year. Tracking in either method is done by adjusting two axes 
of rotation, azimuth and elevation, of the reflective surface. 

The shutdown procedure is the reverse of the start-up procedure, The heliostats 
are moved from the sun-tracking mode positions to the standby position and then to 
the stow position. The stow position is used dunng the night but also during plant 
outages and periods of extreme weather (vertical stow in hail; honzontal for high 
winds; vertical slightly slanted upwards, for rain to take advantage of its cleaning 
action). 

The control systems must be capable of extremely accurate reflective surface 
orientation (within a few milllradians) because even a tiny angle error would result in 
the reflected beam widely missing its aim point as a result of the long distance between 
heliostat and receiver. This accurate operation must also be maintained in strong winds 
the rigidity of the heliostat support end structure. 

coolant accidents (LOCA) require great attention to avoid damage to the 
receiver (a similar concern to that in nuclear reactors where a loss-of-coolant accident 
can result in overheating and damage to the reactor core and possible core fuel melt- 



550 POWERPLANT TECHNOLOGY 


down). A LOCA must be met by shutting off the energy power input to the receiver 
by rapidly moving the heliostat aim points away from it, a process that might take 
30 s. A back-up power-supply system is necessary in cases of concurrent loss of 
electric power. In that case, a passive-energy input reduction to the receiver, due to 
defocusing as the sun travels away from the set point, takes place, but the reduction 
is gradual and slow, taking 2 to 3 min for completion. As in nuclear reactors, con¬ 
sideration may have to be given to the installation of an emergency cooling system, 
especially for heavy receivers with a large thermal mass. 


13-8 THE RECEIVER 

Central receivers sit atop tall towers. [Solar One has a 94.5 m (310 ft) high tower.] 
They are subjected to peak radiation energy fluxes ranging roughly between 300 and 
700 kW/m^. The receiver is designed to intercept, absorb, and transport most of this 
energy to a heat-transfer fluid. Although radiation beams leaving the heliostats may 
be rectangular, the beam reaching the receiver is more circular because of the canting 
and focusing of the heliostat reflecting panels and because of the finite image of the 
sun. The flux distribution of the reflected beam reaching the receiver is approximately 
gauss ian. 

The heat-absorbing surface is usually similar to that in a water-wall, fossil-fueled 
boiler (Sec. 3-4): Panels of parallel tubes with headers at each end absorb the solar 
energy incident on their outside surface and conduct it to a heat-transfer or coolant 
fluid flowing inside. The panels are typically supported at the top to allow thermal 
expansion to occur downward. 

There are two basic types of receivers under consideration: cavity and external 
(Fig. 13-13). A cavity receiver has coolant-tube panels lining the inner walls of the 
cavity. The tube-panel arrangement within the cavity is concave toward the heliostat 
field, and the panel area is 2 to 3 times the aperture area. The aperture area is sized 
about the same as the sun’s image from the farthest heliostats. The aperture-to-panel 
area ratio is sized to minimize the sum of thermal losses and spillage (below). A cavity 
receiver may be designed with one or more cavities and apertures, each with a collecting 
sector with an angle between 60 and 120°. Figure 13-13a shows a four-aperture cavity 
receiver. The panels of adjacent cavities may form a common wall, heated from both 
sides, to reduce thermal stresses that result from one-sided heating (as in an external 
receiver). 

The external receiver (Fig. 13-13^) has the coolant-tube panels lining the outside 
of the receiver. The panels may either be flat, for small plants, or slightly convex 
toward the heliostat field, for large plants. The external receiver shown is a multipanel 
polyhedron approximating a cylinder with a height-to-diameter ratio ranging between 
1:1 to 2:1. 

The coolant tubes range in diameter from 0.75 to 2.2 in (20 to 56 mm) and in 
thickness from 0.049 to 0.25 in (1.2 to 6.4 mm), depending upon pressure, matenal, 
and other engineering design considerations. 
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Receiver Efficiency 

The efficiency of a receiver is defined as the ratio of the energy absorbed to that 
intercepted by it at the design point. The efficiency of a given receiver is the result 
of design compromises between several energy-loss mechanisms. These may be surri' 
marized as: 


1. Spillage. This is energy reflected by the heliostats but not intercepted by the receiver 
heat-transport fluid. The reflected rays may miss the receiver altogether or fall 
outside an aperture (in a cavity receiver). Spillage may be caused by heliostat 
tracking errors caused by control system errors, wind effects, steering backlash, 
etc. Spillage is normally less than 5 percent in a well-designed system. 

2. Reflection. This is energy scattered back from the receiver heat-transfer surface. 
It is minimized by painting these surfaces with high-absorptivity paint. It is typically 
less than 5 percent in a well-designed system. 

3. Convection. This is energy lost by convection from the receiver body to the sur¬ 
rounding air. It is the sum of natural and forced (wind-driven) convection. 

4. Radiation. This is energy lost by infrared radiation of the hot receiver surface back 
to the environment. Both convection and radiation losses are functions of the 
receiver temperature, its configuration, and type (cavity or external). The combined 
convection and radiation losses vary between 5 to 15 percent. 

5. Conduction. This is energy lost internally through structural members, insulation, 
etc. It is the least of the losses, being typically much less than 1 percent. 


Design optimization is important. For example, a large receiver enjoys low spillage 
but suffers from large convection and radiation losses. A cavity receiver has fewer 
reflection losses than an external receiver as well as less convection because the heat- 
transfer surfaces are protected (a cavity approximates a black body*). It does, however, 
have greater conduction losses because of its greater size and complexity. 

Cavity receivers are therefore more efficient than external receivers. Cavity re¬ 
ceivers designed by Honeywell and Martin Marietta companies showed efficiencies in 
excess of 90 percent. An external receiver designed by McDonnell Douglas Company 
showed an efficiency of approximately 80 percent. On the other hand, cavity receivers 
are much larger, heavier, and more costly than external receivers. In the designs 
proposed for Solar One, the cavity receivers had masses of more than 250 metric tons 
each, whereas the external receiver had a mass of approximately 136 metric tons. 


* A black body can be closely approximated by a small aperture to a larger cavity. The radiation entenng 
through the aperture is repeatedly reflected within the cavity with very little of it finding its way back out 
The radiation is thus trapped inside, and the result is an absorbtivity nearly equal to unity. 
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13-9 THE HEAT-TRANSPORT SYSTEM 

The heat-transport system is composed of the heat-transfer fluid (primary coolant), 
receiver piping, piping between receiver and power-generating equipment, and pumps. 
The primary coolant may or may not be the same as the powerplant working fluid. 
Five primary coolants have been extensively studied: 

1. Water-steam. Water receives heat in the receiver, where it is converted to 
steam, which doubles as powerplant working fluid. The phase change in the receiver 
occurs as in conventional steam generators, either in a drum boiler with separate boiler 
and superheater sections, or in a once-through boiler without drum (Sec. 3-8). Steam 
may be generated at 1000 to 1100"F (540 to 600"C) and 1000 to 2000 psia (70 to 140 
bar). The use of an all water-steam system has the advantages of least extension of 
technology and hence lower developmental costs. It is the one used in Solar One. Its 
performance, however, is considerd somewhat inferior to the other systems still under 
development. 

2. Liquid metals. Liquid metals, particularly sodium Na, are under intensive 
development as heat-transport fluids for fast-breeder nuclear reactors (Secs. 11-3 to 
11-5). Their main advantage is the high heat-transfer coefficients they are capable of, 
which result in a more-compact and lighter receiver. Sodium freezes at 208°F (98°C) 
and thus requires freeze protection during plant shutdown, either by heating the pipes 
or by draining them. Sodium is also chemically active, oxidizing rapidly in air or 
water. A cover gas such as argon, which is heavier than air, is used (as in sodium- 
cooled nuclear reactors) to protect the coolant and prevent oxidation and fires. Cold 
and hot traps need to be used to remove oxides and carbon respectively, from the 
sodiurn. Sodium may be op)erated up to 1000°F (540°C) as a single-phase liquid coolant 
lit has a normal boiling point of 1621°F, (883°C)] and must transport the solar heat 
to a steam generator at the plant site |119]. Liquid metals have low vapor pressures 
at the operating temperatures of interest and hence do not require high pressurization 
in the heat-transfer loop. 

3. Molten salts. Molten salts are used as heat-transport agents in the chemical 
industry and have been used experimentally as nuclear-reactor fluid fuels. They, as 
liquid metals, do not require high pressurization at operating temperatures and, in 
addition, have high volumetric heat capacities. Nitrate salt mixtures have been proposed 
lor solar central-receiver systems [120]. The salt can also opierate at high temperature 
and transfer its heat to a steam generator at the plant site. It does, however, suffer 
Irom an even higher freezing point, about 290 to 430°F (140 to 220°C), which requires 
precautions against solidification during shutdown. 

4. Gases. Gases can be operated at any temperatures desired that are compatible 
with component materials, often in excess of 1550°F (840°C). Pressurization is nec¬ 
essary only to overcome pressure losses in the coolant loop and to increase their mass- 
flow rates. The low heat capacities of gases require large volume flow rates and hence 
large flow velocities. Pressurization increases density and thus increases the volumetric 
heat capacity and decreases velocities, and hence pressure losses, for a given heat- 
transjxirt rate. The gases considered are air and helium. They can be used as heat- 
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transport agents that generate steam in a steam generator in a Rankine-cycle powerplant^ 
or they can be used directly in a Brayton-cycle powerplant gas-turbine of the open 
type (with air) fl2I], in a closed cycle (with helium) [122], or in a combined cycle 
[123] (Sec. 8-8). 

5. Heat-transfer oil. Oils have the advantages of low-corrosion characteristics 
with most materials and can be selected for low vapor pressures. They are, however, 
flammable, can cause flow problems at low temperatures, and usually suffer pyrolitic 
damage, i.e., they decompose under high-temperature conditions, called pyrolitic 
decomposition (in a nuclear-radiation environment it is called radiolytic decomposi¬ 
tion). The decomposition results in low boilers (gases and low-molecular-weight liq. 
uids) that cause an increase in system pressure and in high boilers (thick, gummy 
residue-type oils) that foul heat-transfer surfaces. They can only therefore be operated 
over a relatively narrow temperature range. Two suggested oils for solar central- 
receiver systems are Therminol 66 and Carolina HT-43 [124], which have an operating 
range of 20 to 600°F (- 7 to 315°C). Oils are also used to transport receiver heat to 
a steam generator at the plant site. 

The piping that takes the primary fluid from the receiver, down the tower, and 
across the heliostat field to the plant site is a major cost item of the total powerplant. 
Pipe sizes for a 400-MW(t) receiver range in ID from 1.0 to 1.5 ft (0.3 to 0.5 m) for 
molten salt to 8 ft (2.4 m) for air at 175 psia (12 bar) and in length up to 2000 ft (600 
m) for both the hot and cold runs. 

Because of the differences in their densities and heat-transport properties, the heal- 
transport fluids influence the mass of the receiver. For a 400-MW(t) receiver, the mass 
may range between 550,000 Ib^ (2.5 metric tons) for a sodium-cooled external receiver 
to 5.5 million Ib^ (2500 metric tons) for an air-cooled cavity receiver. 


13-10 THE THERMAL-STORAGE SYSTEM 

Although several energy-storage systems are possible, such as chemical, electrochem¬ 
ical (batteries), mechanical (compressed air, pumped hydro, flywheel), and single- or 
multiphase thermal energy (Chap. 16), the probable location of most solar powerplants 
precludes most such systems as being cost-ineffective. The one exception seems al 
present to be thermal single-phase energy storage. Such a system stores as sensible 
heat, i.e., without change in phase of the storage medium, some of the energy of the 
primary coolant after it has passed through the receiver. The energy thus stored is 
extracted when needed for use in the electric-generating station (or industrial process) 
Energy storage is needed in solar-thermal-electric powerplants (and solar process- 
heat applications) because of normally variable solar insolation, nonsolar periods, and 
abrupt insolation changes in inclement weather. Conventional (fossil-fired) backup 
systems may, of course, be used during such periods, as in hybrid systems (Sec. 13- 
13), but thermal storage is another option that must be used in pure solar systems 
There are two types of thermal storage that are considered with solar systems. These 
are (1) single-tank, or thermocline, and (2) dual-tank, or hot-cold, systems. 
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The single-tank, or thermodine, storage system is shown schematically in Fig. 
13-7 Storage takes place by circulating some of the hot primary coolant through the 
storage medium and returning the cooled primary coolant from the bottom of the 
storage tank back to the receiver for reheating. Heat extraction during times of need 
is accomplished by reversing the process: cold primary coolant from the powerplant 
is heated by the storage medium, drawn from the top of the tank to the power system, 
and then returned to the bottom of the tank. The thermal gradient of hot at top, cold 
at bottom maintains stratification, allowing the hot fluid to remain afloat on the top, 
and gives the tank thermal stability. In addition, a solid storage medium of low thermal 
conductivity and high volumetric heat capacity, such as rock, is used to help impede 
mixing of hot and cold fluids. A solid storage medium is a necessity in case the primary 
coolant is a gas (such as air or helium) because of the low heat capacity of gases. A 
porous solid makes a good storage medium for gases. 

Figure 13-14 shows temperature-time characteristics of a thermocline thermal- 
storage system. Note that the temperature gradient is never completely flat at any one 
time, a factor that affects the performance of such systems (below). 

A variation of the thermocline system is one in which a separate storage fluid, 
other than the pnmary coolant, may be used. This would be a liquid of low thermal 
conductivity and high volumetric heat capacity, usually an oil. It may be used alone 
as a single medium or be assisted by a solid storage medium, such as rock in a dual- 
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Figure 13-14 Temperature-time 
characteristics of a thermocline 
storage system. 
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Pilot-plant thermal storage unit 



Figun 13-15 Thcrmocline storage system for the Solar One pilot powcrplant. 


medium system as above, to reduce the volume of costly storage liquid and impede 
its mixing. Heat would be added to and extracted from the primary coolant via inter¬ 
mediate heat exchangers. 

The Solar One powerplanl uses a dual-medium thermocline storage system, shown 
in Fig. 13-15. The liquid is oil. The solid is comjX)sed of 1-in diameter gravel plus 
sand. The oil is uniformly distributed over the rock bed and extracted uniformly from 
it by diffuser manifolds. The tank is large, being nearly 50 ft (14.5 m) high and more 
than that in diameter. 

The dual-tank, or hot-cold, system uses two tanks. The fluid, a liquid, is, unlike 
the stratified thermocline system, at one temperature, hot in one tank, cold in the 
other. The amount of sensible energy stored varies by varying the level of the fluids 
in the well-insulated tanks (Fig. 13-16). Thus, during storage, cold liquid is drawn 
from the cold tank, heated, and added to the hot tank. During extraction the operation 
is reversed. This dual-tank technology is borrowed from refinery work. It is suitable 
only for liquid coolants such as sodium, molten salt, or oil. The hot tanks used with 
sodium and molten salt need be made of high-alloy material such as austenitic stainless 
steel. 

Thermal-energy-storage densities vary widely among the different storage media 
Some typical values for the temperature range 550 to 1050T (290 to 565°C) are given 
in Table 13-3. The Solar One pilot plant has an oil-rock storage medium that operates 
at the much lower temperature range of 425 to 575°F (220 to 300T) and has an energy 
storage density of 5300 Btu/ft^ (0.05 MWh/m^). 
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Receiver 



Figure 13-16 Schematic of a dual-tank, or hot-cold, thermal-storage system. Valves shown in normal plant 
operating and storing mode. 


Insulation is an important consideration in storage tanks to minimize loss of energy 
during holding periods. Another important consideration is the fraction of stored energy 
that is usually extracted. This fraction is called the storage utilization factor. In dual¬ 
tank or hot-cold storage systems it is usually in excess of 0.98. In single-tank or 
iheimocline systems the factor is lower because of the temperature gradient that exists 
at any one time during charging or discharging (Fig. 13-14). During discharge, there 
comes a time when the temperature drops below maximum, thus necessitating an 
operational limit on the total energy extracted. For thermocline systems the storage 
utilization factor is nearly 0.8 for liquid-solid systems but less than 0.5 for gas-solid 
systems. Note that a low utilization factor does not mean a loss of energy because in 
a well-insulated system energy losses are small. It simply means that a large and costly 
tank(s) is required. 

Storage sizing can be made to supply enough thermal energy, together with direct 


Table 13-3 Typical thermal-storage densities 


Energy storage density 


Medium 

Btu/ft^ 

MWhym' 

Sodium 

80(X) 

0.08 

25% void fraction 

14,000 

0 15 

^^olten salt (nitrate) 

21,000 

0.22 
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thermal power from the receiver, to operate the f)owerplant for 24 h/day. However 
if the sizing is based on the long days of the year, it will not have sufficient capacitv 
for the short days of the year. The opposite results in an excess storage capacity during 
part of the year. Sizing thus depends upon many factors, including variations in daily 
and seasonal load demands, cloud conditions, availability of backup power, and cost 
The costs of storage capacity must include those of additional heliostats to fill it and 
a large receiver, as well as the storage system itself. 

Figure 13-17fl shows a cloudless daily operating cycle of a central-receiver system 
with thermal storage. The thermal-power down tower is less than direct solar insolation 
because of the various losses already explained. Morning start-up utilizes some of the 
stored energy, resulting in the dip in its curve shown between 4 and 6 h before solar 
noon. The plant operates on stored energy until the receiver input exceeds the end use 
(powerplant or process heat) demand. At that time, about 4 to 5 h before solar noon, 
the excess solar power is made to recharge the storage system and the receiver supplies 
both end use and storage. At 4 to 5 h after solar noon the declining solar input is 
supplemented from storage energy until the heliostats and receiver systems are shut¬ 
down. After that, all end use is supplied from storage. Figure 13-17^ assumes, for 




Hours from solar noon 


Figure 13-17 Typical daily operating cycle of a central-receiver system with thermal storage and constani 
power (end use)' (a) cloudless day and (b) cloudy day [118]. 
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simplicity, a constant end use, which is not usually the case. Figure 13-17/? shows 
the effect of a cloudy period during the day. Note that the scales for all curves, except 
stored energy should be in power units, e.g., kilowatts. For the latter, the scale should 
be in energy units, e.g., kilowatt hours. 

13-11 WORLD EXPERIENCE 

Central-receiver systems are receiving attention in many parts of the world. In the 
United States, with 68 solar-thermal projects of various kinds taking place, the major 
activity in the late 1970s to early 1980s was the development, construction, and 
operation of Solar One, the lO-MW(e) (peak) pilot plant referred to earlier. The plant 
cost $140 million and is situated in the Mojave Desert at Dagget, about 12 mi southeast 
of Barstow, California. It is owned by Southern California Edison Company and is 
financed jointly by the Department of Energy (DOE) and a group of utilities. Figure 
13-18 shows an overall view of Solar One. 



figure 13-18 Overall view of Solar One, a lO-MW(e) (peak) central-receiver pilot powcrplant near Barstow, 
California. 
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McDonnell Douglas Corporation and Martin Marietta Corporation were the major 
contractors. The plant uses water-steam as the heat-transport and working fluid with 
thermal storage using oil as the storage heat-transport fluid. It started operation in the 
summer of 1982. It reached a 10.4-MW(c) net output on 10 October 1982. The storage 
system, rated at 7 MW(e) maximum, had not met that goal at that time. The first 2 
years of operation are devoted to experimental testing of the major subsystems and 
evaluating requirements and costs of operation and maintenance. This period will then 
be followed by full power tests to obtain long-term operating, maintenance, and 
reliability data. 

In Almeria, Spain, the International Energy Agency, several European countries 
and the United States have funded a 500-kW(e) plant that uses molten sodium as the 
heat-transport and thermal-storage fluid. The sodium-receiver exit temperature is 975°F 
(525®C). The plant has 93 heliostats of 430 ft^ (40 m^) each that are supplied by the 
Martin Marietta Corporation. It has a cavity receiver atop a 140-ft (43-m) tower. The 
plant started operation in September 1981. An interesting feature of this plant is the 
installation of a parallel distributed system of 500 kW(e) using line-focus receivers 
(Sec. 13-12) to compare its performance with that of the central-receiver system 
Another plant in Almeria, Spain, scheduled for completion in late 1982, is a 1.2 
MW(e) central-receiver system called CESA-1. It has 300 heliostats, 430 ft^ (40 m^) 
each, a cavity receiver, water-steam at 975°F (525°C) as the heat-transport and working 
fluid, and a 3-MWh(th) thermal storage using Hytec as the storage fluid. It is funded 
by Spain and the United States, with heliostats built in France and Germany. 

In Adrano, Sicily, Italy, a l-MW(e) central-receiver plant, called Eurelios, began 
operation in May 1981. It has a cavity receiver atop a 180-ft (55-m) tower that produces 
steam at 950°F (510°C), and a 30-min thermal-storage subsystem to even out cloud 
transients that uses Hytec as the storage fluid. The project was developed by a con¬ 
sortium from Italy, France, and Germany. 

In France, a 2-MW(e) plant called Themis, has 2(X) heliostats, 560 ft^ (52 m^) 
each, a cavity receiver with molten salt heated to 975°F (525°C) as the heat-transport 
fluid, and a 4-MWh(th) thermal-storage system using Hytec as the storage fluid. Start¬ 
up was scheduled for early 1982. 

Japan has its “Project Sunshine” in the form of a l-MW(e) plant in Nio Town, 
Nagawa Prefecture. It has 807 small helioslats of 172 ft^ (16 m^) area each, a semicavity 
receiver atop a 197 ft^ (60-m) tower producing steam at 480°F (250°C), and a 3- 
MWh(th) thermal storage system using pressurized water as the storage medium. 


13-12 DISTRIBUTED SOLAR-THERMAL SYSTEMS 

Another approach to solar-thermal-energy conversion, besides the central-receiver- 
tower concept, is the distributed or dispersed solar-thermal system. Rather than hundreds 
of heliostats focusing solar energy on a single distant receiver atop a tall tower, this 
system is characterized by the use of a large number of collectors, called concentrators, 
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each focusing the solar energy it receives directly on its own receiver to heal locally 
a heat-transport fluid. The fluid is combined with those from other concentrators for 
thennal-electric conversion. Distributed systems are of two kinds; point focus and line 

focus. 

The point-focus system generally uses concentrators each in the form of a mirrored 
parabolic dish that tracks the sun but focuses the captured energy on a receiver mounted 
at the focal point of the parabola, a few feet from it. Figure 13-19 shows two advanced 
concentrator concepts by Boeing, Inc., and E-Systems Corp., which arc believed to 
offer the potential for low-cost production. The Boeing design uses a reflecting surface 
made of thin plastic films on sheet steel substrates. The E-Systems design uses a domed 
Fresnel-lens concept with the lenses focusing the solar energy at a common focal point. 

The Jet Propulsion Laboratory (JPL) operates a facility for testing dish-concentrator 
systems and components at Edwards Air Force Base in California. The U.S. Depart¬ 
ment of Energy is in the process of building (1982) an array of parabolic dish con¬ 
centrators to be used for electric production, heating and cooling, and low-temperature 
process steam for a knitwear plant nearby. Figure 13-20 shows a number of point- 
focus concentrators undergoing testing at the Sandia Laboratories, Albuquerque, New 
Mexico. 

The line-focus system, also called the trough system, uses concentrators in the 
form of long troughs of cylindrical or parabolic cross sections, which are lined with 
mirrors to collect and concentrate the sun’s radiation onto a focal linear conduit through 
which the pnmary coolant flows (Fig. 13-21). Because of their geometry such troughs 
are usually made to track the sun in only one plane, by being rotated about their focal 
line. Thus, other than solar noon, they receive sun’s rays that get more inclined with 
respect to their projected surface as the sun deviates from solar noon. They, therefore, 
usually operate in the lower-temperature ranges of 200 to 600°F (about 90 to 315°C). 
Line-focus systems are thus believed suitable only for small-sized electric-generating 
systems for which thermal efficiency is not of prime importance and for other appli¬ 
cations such as driving irrigation pumps (one of their earliest uses, Fig. 13-It/), 
providing industrial process heat, space heating and cooling, and other industrial 
applications, but not for large-scale electric production. 

A variation of the line-focus system, called the line-focus bowl, which is being 
tested under DOE sponsorship, uses a stationary mirror-lined spherical collector that 
concentrates solar energy on a conduit receiver that moves during the day. Heat received 
Irom a number of such bowls can be used for small-scale electric production, space 
heating and cooling, the production of process steam, etc. 

Of all the distributed concepts, the line-focus systems are the beneficiaries of the 
most exj>erience in industrial and commercial process-heat installations where the 
temperature requirements are lower than necessary for efficient large-scale utility elec¬ 
tric production. Point-focus systems, on the other hand, are least developed. It is 
believed, however, that they have the potential for achieving the temperatures necessary 
for utility electric production. Being modular, they have the additional advantages of 
meeting the demands of a wide range of load requirements and of adding to existing 
capacities by incremental installation. 












.3-20 Po.n.-focus d.sh concencrators. iCour.esy- Saru^.a U.tora,on..> 



Safuiio Lohorotori^ 

Figure 13-21 Linc-focus trough concentrators. (Courtesy 
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Studies by DOE and EPRJ show that “of all direct solar options under consideration 
by electric utilities (solar-thermal, photovoltaic, solar ponds, etc.), the prospects for 
solar-thermal conversion look the best,” and that of all the solar-thermal conversion 
concepts, the central-receiver concept holds the greatest potential for electric utility 
applications [126]. The studies optimistically predict that, if carried successfully through 
the test and demonstration phases, solar-thermal central-receiver powerplants may 
become competitive with gas- and oil-fired powerplants in certain locations, such as 
in the southwestern United States, 


13-13 OTHER SOLAR-THERMAL POWER SYSTEMS 
Repowering 

It is believed by some that the next step that will pave the way toward commercialization 
of solar-thermal systems, after the pilot plants such as Solar One and others around 
the world are tested, would most probably be the repowering plant. The repowering 
concept implies the adding of a solar-thermal-conversion plant to an existing fossil- 
fueled plant in sunny locations to replace some of the fossil fuel used in the latter, 
perhaps 20 percent. It is believed that the concept of repowering might be economically 
attractive in case the fossil fuels being replaced are gas or oil, which are expensive, 
but it is doubtful that would be the case with coal or nuclear fuels. 

Hybrid Plants 

A hybrid system is conceived to compensate for the intermittency of solar energy, not 
by storage but by using the sun as the source of heat when available and sufficient 
and a fossil fuel, such as oil or gas, at other times. DOE and EPRl studies of the 
hybrid concept have concentrated on the Brayton cycle as the main prime mover. The 
primary coolant, which would double up as the receiver heat-transport fluid and gas 
turbine working fluid, could be (1) air, (2) helium, or (3) other gas mixtures. (An 
interesting variation is the use of gases that undergo reversible chemical reaction with 
temperature, such as SO 3 , to give proper specific heat and enthalpy properties.) Al¬ 
though a Brayton cycle is simpler in concept than a Rankine cycle, it requires much 
higher temperatures in order to attain comparable efficiencies. In general a Rankine 
cycle powerplant, solar or fossil, uses steam at temperatures of 1000 to 1100°F (about 
540 to 590®C) and pressures of 1000 psia (about 70 bar) and beyond. Solar Bray ton- 
cycle plants operate with gases at much lower pressures but, to be competitive, at 
much higher temperatures. This poses severe design and materials problems on the 
receiver. DOE and EPRI have sponsored studies aimed at the design and operation of 
receivers containing high-temperature metallic alloy and ceramic comjx)nents. Figure 
13-22 shows a ceramic honeycomb receiver developed by Sanders Associates and 
tested at the JPL Parabolic Disc Test Site, Edwards, California. The receiver is mounted 
OT an 1 l-m-diameter test concentrator so that concentrated solar energy passes through 
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Figure 13-22 High-temperature 
honeycomb ceramic matrix receiver 
for Brayion-cycle applications [125). 


the quartz window and is absorbed by the ceramic honeycomb. Air is pumped down¬ 
ward, reverses direction, and goes up the honeycomb, leaving at top center. Tests 
have shown air outlet temperatures ranging between 1470 and 2600°F (800 to 1430°C), 
which are useable in present-day gas turbines or those with cooled blades currently 
under development (Sec. 8-7). 


Stirling-Cycle Conversion 

Another hybrid concept uses the Stirling cycle. The ideal Stirling cycle is a regenerative 
cycle composed of four reversible processes; two constant volume and two constant 
temperature (Fig. 13-23). Heat is added and rejected during the constant temperature 
processes 2-3 and 4-1 respectively. Heat is exchanged internally between the constant- 
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volume processes 3-2 and 1 -2. With all processes reversible and heat added and rejected 
only at constant temperatures, the ideal Stirling cycle has a thermal efficiency equal 
to that of Carnot. No actual engine can be built that simulates a Carnot cycle. However, 
actual Stirling engines have been built based on the ideal Stirling cycle (much as actual 
Diesel engines are based on the ideal Diesel cycle, etc ), and although they do not 
have efficiencies equal to the ideal cycle, they attain respectable efficiencies of 35 to 
40 percent. 

A Stirling engine driving an electric generator can be directly coupled to the 
receiver of a solar concentrator. A number of such engine-concentrator systems, ho<^ked 
in parallel electrically, can then constitute a distributed point-focus-system powerplani 
In addition the engines can have an integral fossil-fuel (oil or gas) burner, which results 
in a distributed hybrid powerplant. 

An experiment at the JPL test site was conducted in the summer of 1981 using a 
model P-40 Stirling engine developed by United Stirling Company of Sweden. It was 
mounted on a parabolic dish that concentrated the solar energy on a receiver with a 
fused silica aperture. The engine was mounted directly on the receiver body (Fig. 13- 
24). The engine working fluid, air, operated in closed-cycle mode with a maximum 
temperature of 1500°F (816°C). Heat rejection was by a water coolant. The engine 
was equipped with fossil burners, and no storage was needed. The induction-type 
alternator produced 25 kW(e). The conversion efficiency was about 35 percent The 
experiment was designed to pave the way for large generating plants based on dish 
Stirling modules with dish diameters 9 to 22 m and correspionding power outputs of 
15 to 1(X) kW(e). A lO-MW(e) plant is envisaged to be composed of 150 modules of 
65 to 75 kW(e) each and to occupy about 50 acres of land. Being modular, smaller 
systems can be erected to supply small remote communities, military installations, 
etc. 



Figure 13-23 P-V and T-s diagrams of an ideal Stirling cycle. 
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Figure 13-24 JPL test bed with paj-ahK)lic bed concentrator and Stirling engine (Courtesy Jet Propulsion 
Laboratory ) 


Combined-Cycle Systems 

Combined cycles are those using a combination of Brayton- and Rankine-cycle-type 
powerplants with the gas turbine of the Brayton cycle occupying the high-temperature 
end and exhausting to the steam generator of the Rankine cycle (Sec. 8-8). 

Figure 13-25 shows a combined-cycle with a two-shaft gas turbine and a solar 
central-receiver system. Atmospheric air is compressed by the compressor into a high- 
temperature receiver where it is heated to perhaps 1500°F (815°C). It then expands 
through the compressor turbine and through the power turbine, which drives an electric 
generator. The exhaust air is then ducted to thermal storage and/or to the steam 
generator of the Rankine cycle, depending upon solar generation and load demand. 
During periods of no solar in.solation the steam generator is heated by air driven through 
the thermal-storage system by a separate compressor. Supplemental auxiliary firing 
for the steam generator may be used. 

An alternative scheme uses the gas-turbine exhaust air for industrial process heat¬ 
ing. 


13-14 SOLAR PONDS 

Large bodies of water, such as lakes, receive vast quantities of solar radiation because 
of their large areas. Such bodies usually have water that contains solids in solution 
’^ith concentrations that vary little with depth. When solar energy is received and 
absorbed below the surl'ace (water at the surface is partially transparent to solar ra- 
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Compressed air to Heated air from 
central receiver central receiver 


Steam generator Steam 





Air 


Figure 13-25 Schematic of a combined gas-steam cycle adapted to a solar central receiver. 


diation), the warmer water becomes less dense and rises to the top. The result is a 
convective circulation that keeps cooler water at the bottom and retransports the solar 
energy back to the surface. There it is dissipated partly by conduction and convection 
to the atmosphere but mainly by evaporation since the vapor pressure at the surface 
is usually higher than the partial pressure of water vapor in the atmosphere. The latent 
heat of vaporization of the diffusing vapor is extracted from the water itself, and energy 
balances result in the water temperature remaining below ambient. 

Some natural saltwater lakes, however, have exhibited the opposite behavior, 
namely, that the temperature gradient is reversed with warmer water at the bottom 
and cooler water at the top. That temperature gradient was found to exist because 
these lakes contained a nonuniform vertical concentration of salts with greater con 
centration at the bottom than at the top. This causes the bottom water to have a greater 
density and to remain at the bottom, even though it may be hotter. The solar energy 
absorbed in the deep layers is effectively trapped there because the effect of salt on 
density offsets the effect of thermal expansion. The temperature gradient is now 
reversed and temperature is higher at the bottom than at the top. 

Solar pondsy also called solar salt ponds, take advantage of this phenomenon in 
two ways: (1) the conversion of solar energy to useful work as a result of the temperature 
difference between bottom and lop and (2) the use of the pond as a thermal-storage 
medium so that the conversion can take place at a rate that is largely unaffected by 
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daily and weekly fluctuations in solar input. A solar pond is, therefore, in effect, 2 . 
combined solar collector and storage medium. 

Figure 13-26 shows a schematic of an artifleial solar pond and conversion system. 
The bottom warm water is used as the heat source for the powerplant, the top cool 
water as the heat sink. Because these layers flow out and in to their respective heat 
exchangers, they are subjected to convection currents. The pond is therefore divided 
into three layers. The central layer is nonconvective and contains the required salinity 
(and density) gradient with salinity greatest at the bottom. This central layer isolates 
a low-salinity (and density) convective layer at top, which is the heat sink, and a high- 
salinity (and density) convective layer at the bottom, which is both heat source and 
storage medium and which is insulated from the atmosphere above. 

In constructing solar ponds, about one-third of a ton of salt is added pier square 
meter of pond area. Provisions must be made to prevent leakage of the solution into 
the ground and subsequent heat transfer to it. In a well-designed and constructed solar 
pond, the bottom layer can reach about 200°F (93°C). 

The hot bottom water is pumped through an evaporator and back to the bottom. 
The working-fluid vapor drives a turbogenerator. The turbine exhaust is condensed in 
the condenser, and the condensate is fed back to the evaporator. The condenser cooling 
water is obtained from the top cool layer of the pond. Because the temperature dif¬ 
ference between the heat source and heat sink is not great enough, a turbine cycle 
working fluid other than water-steam, such as an organic fluid, is used. 

The salt in an artificial solar pond tends to spread throughout the height of the 
pond by diffusion, a process that is slow but one that if allowed to continue would 
result in uniform salinity, convection currents, and an ineffective pond. The required 


Evaporator 



Solar pond P 


13-26 Schematic of a solar pond powerplant. A — low salinity-density convccQve layer, B = salinity- 
density gradient nonconvective layer; C = high salinity-density convective storage layer. 
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gradient is maintained by methods that include injecting salt to the bottom layer and 
flushing the top layer with fresh water. 

Because of the relatively low temperature differences encountered in solar ponds, 
the thermal efficiency of the electric powerplants is nowhere near a fossil, nuclear, or 
even solar-thermal power system. They do, however, have the potential for trapping 
vast amounts of solar energy in regions where both solar energy and land are abundant 
Besides electric generation, they may be more suitable for industrial uses such as space 
heating and cooling, crop drying, desalination, and other process heat. The necessity 
of having both large land mass and sunny climates, and also available water and salt, 
make solar ponds unlikely to be large contributors to the total energy picture, although 
they may have appeal in certain locations where there is land, sun, and salt or brakish 
water. Several test solar ponds have operated near the Dead Sea in Israel, for example. 
A 5-MW facility is under construction there (1982). In the United States studies are 
underway by the NUS Corporation to investigate the feasibility of a demonstration 
300-kW solar pond facility in eastern California. Figure 13-27 shows an anist’s con¬ 
ception of such a facility. The studies are aimed at determining the optimum pond 
areas, depths, salinity, and clarity and at evaluating the seasonal performance of ponds 
and conversion systems, the effects of atmospheric and ground and soil conditions, 
as well as costs of construction, operations, and maintenance. 




Figure 13-27 Artist’s rendering of a solar pond powerplant for the Los Angeles Water and Power. (Courtesy 
NUS Corporation.) 
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13-15 PHOTOVOLTAIC-ENERGY CONVERSION 

Photovoltaic energy conversion is a direct conversion technology that produces elec¬ 
tricity directly from sunlight without the use of a working fluid such as steam or gas 
and a mechanical cycle such as Rankine or Brayton. Photovoltaic systems, therefore, 
appear simple, convenient and, lacking moving parts, dependable. In addition they 
are modular, so that arrays of identical modules can be assembled to meet various 
power needs ranging from small residential systems installed on rooftops to relatively 
large central systems. 

The basic unit of a photovoltaic system is the solar cell. The most common solar 
cells are made of highly refined silicon that is solidified as a single crystal in ingots 
(by the slow withdrawal of a seed from molten silicon), from which thin wafers are 
cut and polished (with the loss of almost half the original material). A doping material 
is introduced into the wafers to convert them into semiconductors (below) that are 
used to make photovoltaic cells. When sunlight strikes the cells, an electric potential 
is produced and current flows when the cell is connected to an external load. 

Silicon solar cells are typically circular wafers, about 3 in (7.6 cm) in diameter 
and 300 pirn thick, although square or rectangular wafers are being developed to 
increase the useful fraction of the total area exposed to sunlight when the cells are 
assembled side by side. A single cell typically produces a power of 1 W at a voltage 
of 0.5 V. They are then connected electrically in series-parallel arrangement, called 
a module, to produce the required current and voltage. A module is typically 4x4 
ft (1.2 X 1.2 m). Several modules make up a panel. A panel is the design unit for 
assembling large photovoltaic arrays to meet the required power generation. Figure 
13-28 shows a photovoltaic array field covering three-fourths of an acre and consisting 
of 2366 modules. It supplies 60 kW to a U.S. Air Force base at Mt. Laguna, California. 

Photovoltaic electricity was first generated for a meaningful purpose in 1958 to 
power a radio transmitter on the Vanguard space satellite. It has since been used 
successfully to generate electricity in remote areas, such as in space, for navigation 
aids, in telecommunications on offshore installations, for isolated microwave relay 
stations, and similar uses. Coupled with batteries for storage, solar cells generate 
electricity for such uses more economically than any other method. 

The costs, however, are very high when compared with other means where fossil 
or nuclear fuels are available and where the demands for electricity are very large. 
The unit costs of photovoltaic electricity started around $200 per peak watt for elec¬ 
tricity from satellite modules in 1959. The price came down to $22 by 1976. Currently 
(1982) with annual manufacture of cells nearly 4 MW of peak electric capacity for 
remote needs, the price came down further to around $10, still a very high cost that 
can be afforded only by the space and defense industries. Government planners op¬ 
timistically estimated a goal of 500 MW of annual photovoltaic electricity by 1986, 
a volume production that would cut the cost to $0.70 per peak watt (in 1980 dollars). 
This market goal does not now look likely to be reached, and the price is expected to 
remain relatively high. 

It is to be noted further that the cost of end-use electricity is not dependent only 
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Upon the cells alone but also upon the cost of the balance of the plant of which the 
cells are only a part. The nonphotovoltaic part of the plant, such as land, foundations, 
structures, wiring, dc-to-ac power conversion, connections to the utility grid, and 
cooling, currently represent two-thirds of the total capital cost. Thus, at $10 per peak 
watt the total plant capital cost would be about $30,000 per peak kW, This is some 
15 to 20 times the cost of fossil or nuclear plants. Considering that a photovoltaic 
plant operates at peak only a small part of the time, the real ratio is much higher. 

Efforts at reducing all costs include a search for lower-cost cell-manufacturing 
techniques [127] and for materials other than silicon. Besides single-crystal silicon, 
materials being investigated include multicrystal silicon, thin films of cadmium and 
copper sulfide, and amorphous (noncrystalline) silicon. 


13-16 SOLID-STATE PRINCIPLES 

In this and the next section we will cover some of the basic solid-state phenomena 
that are important in the study of the mechanism of direct conversion of solar radiation 
to electricity. These two sections may be bypassed without breaking the continuity of 
the chapter. 

Solid Phenomena 

A metallic crystalline solid contains atoms that have nuclei surrounded by electrons 
that are tightly bound to them (the shell model) and by outer electrons that are weakly 
bound to them. The latter are called valence, or conduction, electrons, They are free 
to migrate in the interior of the metal because there are no net forces on them because 
of the other free electrons or the ionized nuclei and their bound electrons. They thus 
move in an essentially equipotential field, each having a constant electrostatic potential 
energy E, that is independent of its location inside the crystal, and they are considered 
to belong to the entire crystalline solid rather than to any one panicular atom. These 
valence electrons constitute the primary mechanism of electric and heat conduction in 
a metal. At the surface, however, there are no positive ions on one side to give them 
equal attractive forces. Thus, while they are easily moved by electric fields within the 
metal, they encounter an energy harrier at the surface and require considerably more 
energy to get them out of the metal. 

One therefore has an electron gas that is confined within the metal. It is not, 
however, equivalent to an ordinary gas whose energy distribution is given by the 
Maxwell-Boltzmann law. Electrons, instead, exist in states restricted by the so-called 
Pauli exclusion principle (which specifies that no two electrons in the same atom can 
exist in the same state at the same time), and their energy distribution is given by the 
Permi-Dirac distribution law, given for temf>eratures that are not too high (not greater 
than 3000 K) by [128] 

n(E)dE= ^ 


(13-3) 
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the energy and forbidden bands depend upon the crystalline material in question 
Energy bands may be occupied, only partially filled, or completely unoccupied The 
shading in Figs. 13-30 to 13-32 indicates which bands arc occupied. 

High conductivity in a metallic crystal is caused by its uppermost band not being 
completely filled with electrons. An external electric field causes the electrons in this 
band to gain small amounts of energy that are sufficient to promote them to the 
continuum of available states immediately above this band. Distribution of electrons 
among the available states may be varied slightly by energizing them. The shift is 
controlled by the Fermi-Dirac statistics (above), and therefore significant shift occurs 
only for those electrons that are within a range ± kT of energy about the uppermost 
filled level at T = 0°. 

Figure 13-31 shows energy bands of a conductor (sodium) and an insulator (dia¬ 
mond). For sodium, the 35 band is partially filled, the 3p band is unoccupied, and the 
two bands overlap. The number of unoccupied levels readily available for the 35 band 
electrons is therefore large, which results in high electrical conductivity. Diamond, 
on the other hand, has two 2p energy bands, one filled, one unfilled, separated by a 
forbidden band that is 6 eV wide. This gap is much larger than kT at room or high 
temperatures (above) so thermal excitation, or weak electrical or other fields, will not 
impart sufficient energy to promote the electrons to the unoccupied 2p band and create 
electron flow or an electric current. The same applies to photons of visible light that 
do not lose energy to the electrons, which is the reason why diamond is transparent 
to visible light. 
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U Figure 13-31 Electron bands for (a) a conductor, 
sodium, and {b) an insulator, diamond 
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The uppermost filled, or partially filled, energy band is called the valence band. 
and the next empty but available energy band is called the conduction band. A substance 
is a conductor if these two bands are separated by a very narrow forbidden gap or if 
they overlap. A substance is an insulator if they are separated by a large gap. 


13-17 SEMICONDUCTORS 

There is a class of crystalline solids where the forbidden band between the valence 
and conduction bands is relatively small, about 1 eV. Silicon and germanium are 
examples, with gaps of 1 . 1 and 0.7 eV, respectively. Such solids behave as insulators 
at low temperatures. At very high temperatures, an appreciable number of electrons 
receive sufficient thermal energy to be promoted into the conduction band, the number 
being a function of both the temperature and the gap width—and thus the material 
becomes a conductor. Such a material (a pure material) is called an intrinsic semi¬ 
conductor. 

Semiconductors are manufactured by adding controlled amounts of impurity to 
the pure material, 10‘^ atoms per cubic centimeter being typical. These arc called 
extrinsic, or doped, semiconductors. The impurity adds an allowed energy level (not 
band) in the forbidden band between the valence and conduction bands. There are two 
types: n-type semiconductors and p-type semiconductors (Fig. 13-32). 

In n-type semiconductors the allowed energy level is near the bottom of the 
conduction band; this is called the donor level. It has an abundance of electrons that, 
at room temperatures, are easily excited into the conduction band (since the gap is 
very narrow). By contrast only a few electrons (one shown) are intrinsically (due to 
the pure material) elevated from the valence to the conduction bands. 

In p-type semiconductors the allowed energy level is near the top of the valence 
band; this is called the acceptor level. The impurity has an electron deficiency. At 
room temperatures, electrons are easily excited from the valence band to the acceptor 
level, thus leaving a deficiency of electrons in the valence band. The absence of an 
electron is called a hole and may be considered a positively charged particle. Again 




1 

Conduction 


Conduction 



band 

©eeoooG 

band 

Donor 

- ^ 


level 


I ntrinsiL 


(b) 


rj-type 

semiconduclor 




1 

1 


1 








> 1 > 111 n i,Vi 

Valence 

band 

'/// /yy/j. 

Valence 

band 



Conduction 

bdnd 


Acceptor 

level 

Valence 

band 


(c) 

p-type 

semiconductor 


13-32 Electron energy bands for three types of semiconductors, 
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intrinsic motion of electrons is small by comparison and conduction in a p-type semi¬ 
conductor, therefore, is largely the result of the movement of holes to the valence 
band. In both types of semiconductors, the conductivity is largely determined by the 
amount and form of the impurities. 

Photons 

Energy, on a microscopic scale, is transferred not continuously but in discrete pieces, 
the smallest of which is the quantum. Light is radiant energy, whose quantum is called 
a photon. Max Planck was the first to suggest that the energy of a photon is proportional 
to the frequency of radiation, or 

Ep = hu ^ (13-7) 

where Ep = photon energy 

h = Planck’s constant, 6.6256 x J ■ s, 4.13576 x 1(L^^ eV • s 
v = frequency of radiation, hertz 
c = speed of light, 2.997925 x 10® m/s 
A = wavelength of radiation, m 

At any given frequency v, light energy is thus a whole or multiple of hv, never 
a fraction of it. Light thus has a dual personality. It is characterized both as energy 
transferred in discrete amounts, the photons, and in waves having a frequency and, 
therefore, wavelength. Radiation from the sun, or any other radiant source, is therefore 
composed of energy chunks, the photons, each one carrying a quantity of energy 
exactly equal to its frequency times Planck’s constant. 

Thus a monoenergetic radiation beam having a wavelength of half a micrometer 
0.5 p.m = 0.5 X 10^ m, the energy of a single photon is 

3 X 10® 

E, = 4.13576 X --— = 2.48 eV 

0.5 X 10^ 

Recall now that the spectral distribution of the terrestnal solar radiation depends 
upon scattering and absorption of several constituents (Fig. 13-3). Recall also that it 
depends upon an air mass given by = 1/cos 6^, where 6^. is the zenith angle 
(Sec. 13-4). It also depends upon the number of centimeters of precipitate water vapor 
<s) in the atmosphere, d, changes during the course of the day from a minimum 
that occurs at noon and that varies with the seasons between mm = latitude ± 23 45 
and 90°. 

A quantity useful in photovoltaic-cell calculations is the photon flux <t>p- h 
defined as 

(pp = number of photons crossing a unit area (usually a square centimeter) perpen¬ 
dicular to beam radiation per unit time (usually a second) 

The solar energy flux E' is related to the photon flux simply by 
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r = X/4v,, Ai/, (13.8a) 

where the subscript / indicates a frequency or energy range. Equation (13-8a) may be 
simplified by assuming an average frequency i>,, and corresponding wavelength A.v 
and obtaining a total photon flux (pp. Thus 

F = <t>phv,^ = <t>ph{dX,,) (13-8^) 

Outside the earth’s atmosphere, the solar energy flux is equal to the solar constant 
S = 1359 W/m^, or 0.1359 W/cm^, m = 0, 6) = 0, and the average photon energy 
hvtv = 1 -48 eV. 


Thus 


(t>p (extraterrestrial) = 


0.1359 1 

1.48 ^ 1.6021 X 10-^^ 

5.8 X 10’^ photons/(s ■ cm^) 


Both terrestrial insolation and the average photon energy decrease as m increases 
and as w increases. The photon flux thus decreases from 5.8 x 10,'^ above, to about 
half that amount at m = 3 and m - 5 [129). 

When the sun’s rays, i.e., the sun’s photon flux, strike a pn semiconductor 
junction, they help generate electron-hole pairs; i.e., they cause electrons to be raised 
to the conduction band in the n material and holes to be moved to the valence band 
in the p material. When connected to a load, electrons will thus diffuse from n to p 
across the junction, thus creating an electric current through the load and hence electric 
power, which is a function of the photon flux. 


13-18 THE SOLAR CELL 

Figure 13-33 shows a schematic representation of a solar cell composed of pn semi¬ 
conductor junctions. For single-crystal silicon, p is obtained by doping silicon with 
boron and is typically 1 jjim thick; n is obtained by doping silicon with arsenic and is 
typically 800 p.m thick. Thin film cells are composed of copper sulfide for p, typically 
012 |xm thick, and cadmium sulfide for n, typically 20 pirn thick. 

The sun’s photons strike the cell on the microthin p side and penetrate to the 
junction. There they generate electron-hole pairs. When the cell is connected to a load 
as shown, the electrons will diffuse from n to p. The direction ol current I is con¬ 
ventionally in the opposite direction of the electrons. 

Typical voltage-current characteristics are shown in Fig. 13-34 at two different 
solar radiation levels. For each 

- open-circuit voltage 
lo = short-circuit current 
P„ = point of maximum power (V/)n,ax 



Current 1 


5W POWERPLANT TECHNOLOGY 


P n 



Figure 13-33 A schematic cross section of a solar cell. 


Solar cells do not convert all solar radiation falling upon them to electricity. V^eak, 
low-frequency (long-wavelength) photons do not possess sufficient energy to dislodge 
electrons. Strong, high-frequency (short-wavelength) photons are too energetic, and 
although they dislodge electrons, some of their energy is left over unused Table 13- 
4 shows a breakdown of solar energy wavelength distribution, the fraction utilized by 
a typical cell and the percent solar energy converted, ideally, to electricitv 

There, thus, is a maximum theoretical efficiency of solar cells, around 48 percent 
Efcciency is defined as the ratio of electric power output of the cell, module, or array 
to the power content of sunlight over its total exposed area. Efficiencies of modules 



Flgiirc 13-34 Typical performance characteristics of a silicoti 
tolar cell at two solar radiations. 


Voltage V 
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Table 13-4 Ideal spectral solar energy utilized by silicon cells 


Wavelength range, ^-m 

Solar energy, % 

Fraction converted, 
by cell 

Solar energy 
converted, % 

<0.3 

0 

0 

0 

0.3-0,5 

17 

0.36 

5 

0.5-O.7 

28 

0.55 

15 

0.7-0.9 

20 

0.73 

15 

0.9-1.1 

13 

091 

12 

>11 

22 

0 

0 




Total 


or arrays are therefore lower than those of the cells because of the areas between the 
individual cells. The fraction of cell to total areas is called the packing factor. 

Actual efficiencies are much lower, however, because part of the solar energy is 
reflected back to the sky, absorbed by nonphoto voltaic surfaces, or converted to heat; 
and because of various electrical losses and the recombination of the electron-hole 
pairs, a process that is encouraged by increased temperatures. Cells are usually lab¬ 
oratory rated at 1000 W/m^ and 21i°C but normally operate at 50 to 60°C. This reduces 
the clftciency by 1 or 2 percent. NV\tb modules and arrays, there are additional losses 
that result from the mismatch between individual cells in a module and between mcxiules 
in an array. Thus the best single-crystal cells yield efficiencies of about 16 to 17 
percent. Mass-produced modules yield efficiencies seldom exceeding 10 percent. Table 
13-5 gives a typical energy balance of a nonconcentrating-silicon photovoltaic array, 
showing an array efficiency of about 8 percent. Methods of increasing cell efficiency 
besides a search for other materials include concentration, thermophotovoltaic, and 
cascade systems. 

Concentrators improve cell efficiency. They subject the cells to concentrated 
sunlight by putting them at the foci of parabolic or trough concentrators. EPRl-spon- 
sored research indicates cell efficiencies of about 25 percent can be achieved with a 
concentration of about 500 suns. 

Concentration has other advantages; With improvements in efficiency, fewer cells 
as well as fewer arrays, structures, and tracking equipment are needed per unit output, 
and the high cost becomes a bit more bearable. Concentrators, however, are more 
expensive than flat-plate photovoltaic arrays, are effective only with direct solar ra¬ 
diation, i.e., excluding most of the diffuse radiation, and lose about 15 percent of that 
radiation in various optical losses. In addition the high cell temperatures and high 
currents result in higher electrical losses. Concentrators, therefore, are cost-effective 
only if the improvement in cell efficiency results in performance far exceeding those 
obtained from flat-plate arrays. 

Thermophotovoltaic systems, considered seriously at one time, involved the use 
of highly concentrated light that is absorbed by a refractory material that becomes hot 
and reradiates the solar energy to silicon cells at longer wavelengths. Such wavelengths 
^ more efficiently converted to electricity by the silicon cells (column 3, Table 13- 
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Table 13-5 Typical energy balance of a nonconcentrating silicon 
photovoltaic conversion array, arbitrary units 


Input 

on 

array 

Energy distribution 


In 

nonphotovoltaic 

material 

12 

1 

Reflection by and absorption 

in cover glass 


13 

Absorption by frames, structures, earth 

1 _ 




Nonelectric 

64 

Dissipation as heat in silicon 

100 





1.5 

Losses due to cell 
temperature above 28T 


In photovoltaic 
material 

75 

Electnc 

11 

0.5 

Losses due to cell and 

module mismatch 






1.0 

Losses in wiring and 
dc-to-ac conversion 






8.0 

Delivered as ac power 


4). The temperatures required, however, are in the neighborhood of 3400 to 3500°F 
(1870 to 1925°C), which results in severe materials problems. It is now believed that 
thermophotovoltaic systems do not attain efficiencies higher than concentrated systems 
to warrant these high temperatures. 

Cascade systems are in essence multijunction systems in which different cells are 
subjected to different regions of the solar spectrum at which they operate most effi¬ 
ciently. Such systems are believed to yield conversion efficiencies even higher than 
25 percent, but they are still in the developmental stage. 


13-19 PHOTOVOLTAIC-ENERGY STORAGE 

Solar-thermal systems, as has been noted, usually use thermal storage. Photovoltaic 
systems, on the other hand, must share conventional powerplant grids or must use 
electrical storage if their ouq)ut is to last longer than sunlight. Several schemes are 
being considered. Some are: 

1. Electrochemical storage. This is storage of electric energy by conversion to 
chemical energy in batteries. The most common and most highly developed is the 
lead-acid battery. Other battery systems, still in the developmental stages, have higher 
cnergy-to-mass ratios than the lead-acid battery. Large electric energy storage, on a 
utility scale, in lead-acid or other batteries, however, is not economically feasible 
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2. Pumped-hydro storage. This method is more suitable to large powerplants. It 
involves the use of surplus electric energy to pump water into high reservoirs during 
sunny periods or periods of low demand and the extraction of power during evening 
or cloudy periods or periods of high demand by running the same down through 
s^aterturbines. The storage and regeneration are done via reversible pumj>turbinc 
motor- generator sets (Sec. 16-3). The energy extracted is less than that stored because 
of losses in both pumping and generation. Another problem is the necessity of finding 
sites with suitable topography near solar powerplants, which tend to be located in 
desertlike flat terrain. The system is in use with conventional plants as a load leveler 
but on a somewhat limited scale. 

Variations of hydropump storage would be underground pumping and compressed- 
air storage (Sec. 16-4). 

3. Cryogenic storage. This is a system in which electric energy is directly stored 
in large underground electrical coils at liquid-helium temperatures, about 4 K. At that 
temperature the electrical resistivity of the coils is nearly zero. The system is currently 
under development, and the costs are still an unknown factor (Sec. 16-7). 


13-20 SATELLITE SOLAR-POWER SYSTEMS 

The earth satellite solar-power system (SSPS) is based on technological advances 
stemming from the space program. First proposed by Glaser of Arthur D. Little, Inc., 
in the late 1960s [130], the concept has since received wide attention and serious 
consideration. 

The concept involves the placement of earth satellites that would function as solar- 
energy collecting stations in geostationary or synchronous orbits around the earth. 
Such orbits would be at an altitude of about 22,300 mi (36,000 km) and would be 
equational, i.e., parallel to the earth’s equational plane. A satellite traveling from east 
to west in that plane would have an angular velocity equal to that of the earth and 
would then appear stationary with respect to any point on earth. (Geostationary civilian 
and military communication satellites are in common use around the earth.) 

Figure 13-35 shows a schematic of the concept. The satellites would have large 
collectors of photovoltaic arrays. They would also have conversion systems that would 
convert the electric power generated by the arrays into power at microwave frequencies. 
A large transmitting antenna on each satellite would beam the microwave energy from 
its fixed position relative to the earth to a receiving station on the surface of the earth. 
That station would have a large receiving antenna that would reconvert the microwave 
power into ac electric power and feed it into a conventional power transmission grid. 
The satellites, being so high above the earth, would be in sunlight most of the day, 
and no electric-energy storage would be needed. 

The attitude controls of an SSPS, possibly through use of laser technology, must 
see to it that the collector areas are constantly facing the sun and that the transmitting 
antenna is constantly facing the receiving antenna on earth. Still, the SSPS would 
have to pass through the earth’s shadow once a day (Fig. 13-36), so that a complete 
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Figure 13-35 A schematic of an earth satellite solar-power system (SSPS). 


cutoff of power from any one satellite is experienced about 5 percent of the time. A 
possible solution to this would be a system that would consist of two geostationary 
satellites separated by about 7900 mi (12,700 km) and thus about 20° out of phase, 
both having a direct line of sight to the same receiving antenna on earth. Such a system 
would ensure that one would be illuminated during the time the other is in the earth’s 
shadow. This woulu mean a 50 percent power cutoff during roughly 10 percent of 
the time, instead of a 100 percent cutoff during 5 percent of the time, and a possibly 



Figure 13-36 Effect of the earth’s shadow on SSPS operation, showing satellite and receiving antenna at 
two different times (not to scale). 
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better match to load demands. Additional satellites would even the power output 
further. 

Solar insolation in space is 40 percent larger than insolation on earth. It is available 
to the satellite for nearly 0.95 x 24 h/day, whereas on earth it is available for only 
4 h/day figured at maximum intensity. Thus, the output of an SSPS would be about 
8 times that of a photovoltaic plant located on the surface of the earth, with a comparable 
solar collector area. 

Energy analyses on SSPS systems [130, 131] show them to be adaptable to various 
power ranges. A plant resulting in 10 GW on earth is believed to require two square 
photovoltaic arrays, each 4 km on the side, a 1-km-diameter transmitting antenna, and 
a 7-km-diameter receiving antenna on earth. A much higher density system envisages 
the transmission of 20 GW to an earth receiving antenna only 3 km in diameter. The 
microwave power density on that antenna would be less than 10 kW/m,^ about an 
order of magnitude greater than terrestrial solar radiation density. Highly efficient 
solid-state rectifiers would be required to absorb this power, and the converted power 
would be distributed through superconducting transmission lines operating at cryogenic 
temperatures. 

It is estimated (Arthur D. Little, Inc.) that a number of SSPSs with a total solar- 
collector area of about 4900 km^ of arrays of single-crystal silicon cells operating at 
their upper theoretical maximum efficiency of 24 percent would supply the total electric- 
energy demands of the United States in the year 2000. Such arrays would have a total 
mass of about 1460 million metric tons, excluding structures, etc. This is considered 
impractical, and other more efficient cell materials are being sought. Thin-film organic 
cells, still early in their development stage, are believed to attain efficiencies of 80 
percent and require about 920 km^ of collector area and a mass of about 5.9 million 
metric tons [130]. 

The launching, deployment, and assembly of the large structures of an SSPS, 
such as the collectors, transmitting antenna, attitude-control systems, and operator 
life-support systems in outer space, now seem like problems of gigantic proportions. 
However, it is not unreasonable to believe that if and when SSPSs are really ready to 
go into space, space technology will have also advanced to a point where such un¬ 
dertakings have become feasible. Space transportation is currently estimated to account 
for about 45 percent of the total capital cost of the system. 

The transmitted energy should have frequencies in a spectral region having the 
least absorption and scattering in the earth’s atmosphere. Most of the absorption occurs 
at the 22 GHz line of the water vapor molecule and the 60 GHz line of the oxygen 
molecule [131]. Below 10 GHz the attenuation caused by molecular absorption is 
approximately 10 dB or less. Attenuation by rain, cloud droplets, snow, and hail 
depends upon their size distribution and composition. The most serious is the result 
of rain clouds and may reach 4 percent at 3 GHz, and a 1-km path through wet hail 
may cause 13 percent attenuation at the same frequency. 

Scattering, which causes a broadening of the main microwave beam, is not ex¬ 
pected to be a significant problem. A 5-GW beam operating at 3 GHz is believed to 
scatter only 3 mW isotropically in a 1-km-high storm; the result is a scattered beam 
density of only about 2 x 10^ mW/cm^ at a 10-km range. 
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Environmental Effects 

Studies have been made to ascertain expected various environmental and biological 

effects of SSPS microwave beams (1321. Some of these are: 

1. Stratospheric pollution. This is caused by the space vehicles that deploy the sat 
ellites and transport personnel and equipment. This is already a problem of concern 
due to present military and civilian supersonic aircraft and space shuttle exhaust 
Although not fully evaluated, the injection of water vapor and NO, is believed to 
lower the ozone concentrations and requires further investigation. 

2. Thermal pollution. This is a result of waste heat at the receiving antenoa. It 
believed to be in the neighborhood of 15 percent, which is about a fourth of the 
waste heat generated by the most efficient conventional powerplants and hence of 
little concern. 

3. Land exclusion. A 5-GW plant is believed to require a land area of about 105 mf 
(270 km^) from which the public would be excluded (of which one-third would be 
covered by the receiving antenna.) This compares favorably to the land required 
by conventional plants of the same output. Offshore l(x:ations may also be an 
attractive alternative. 

4. Radio-frequency interference. The most desirable SSPS frequencies are in heavy 
UvSe for worldwide communications and are based on internationally assigned fre¬ 
quencies. Thus, there is a high probability of interference with existing commu 
nications systems. Such radio-frequency interference can be controlled by careful 
selection of frequencies, narrow-band operation, and the use of filters Detailed 
and specific effects will have to be carefully studied, however. 

5. Biological effects. Standards for microwave exposure are already in effect. In the 
United States, the maximum, based on microwave heating of body tissue, is 10 
mW/cm.^ In the USSR, the maximum is based on possible effects on the central 
nervous system and is a much more conservative 0.01 mW/cm." The induced 
biological effects of the SSPS thus need careful study. It is important that adequate, 
fail-safe controls of the microwave-beam pointing apparatus be incorporated in the 
development program. 

Microwave effects on birds in flight through the microwave beam need eval 
uation. Preliminary evidence suggests that birds are affected at 25 mW/cm*^ ex 
posures in the X-band. Effects on aircraft flying through the beam are also ol 
concern, although the shielding effect of the metal fuselage and the short exposure 
time at aircraft speeds make it unlikely to result in significant human exposure. A 
more worrisome effect, perhaps, is that of microwaves on aircraft operations, such 
as fuel tank susceptibility to electrical discharges (now a standard protectivi; feature 
of aircraft design) and interference with aircraft communications and radar equip¬ 
ment. 

PROBLEMS 

ix-l From the solar constant and the average distance between the sun and the earth, cstimaic (a) the total 

- -- Hnv rscc. 9-4) 
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13-2 For the city of Albuquerque, New Mexico, estimate the average yearly and maximum and minimum 
monthly clearing indices on a horizontal surface, and the corresponding possible power generation, in 
j^ilowatthours per square meter per day, if the average solar-electric conversion efficiency is 0.08. 
l5-3 A central-receiver solar thermal powerplant uses 1000 hcliostats that have 50 m^ of reflecting surjpice 
each The steam plant has an overall efficiency of 27 percent and generates 3.0-MW peak power, Using a 
reasonable solar energy insolation on the hcliostats on a clear sunny day, estimate (a) the overall efficiency 
of the solar powerplant and (b) the efficiency of energy transmission to the steam in the central receiver, 
t>oth at peak conditions 

134 A central receiver solar thermal powerplant uses 1000 hcliostats that have 60 m^ of reflective surface 
each The overall efficiency of the plant is 5 percent. The efficiency of the steam powerplant is 30 percent. 

A constant 20 percent of the incident energy on the receiver is assumed to go to storage during operation. 
Estimate the powerplant output, in megawatts, at peak conditions and at shutdown Assume all efficiencies 
are constant during the day. 

13-5 A 300-ft-long fi-fl-wide parabolic trough concentrator receives normal solar radiation at 905 W/m^. 

A pipe at the focal line receives 450 Ib^ of water at 200 psia and at 100“F and exits at 180 psia. Calculate 
the pipe exit conditions. Assume concentrator reflective losses of 5 percent 

13-6 A central receiver thermal solar powerplant has 2670 heliostats, each composed of 12 1.2 x 3.6 m 
reflecting glass panels. The average solar insolation during 10 h of operation is 635 W/m^. The steam cycle 
has a 10-MW average output and an overall efficiency of 30 percent, assumed constant The average power 
lost in radiation transmission from solar insolation on the heliostats to that received by the steam generator 
IS 35 percent, Calculate (a) the sizes, in cubic meters, of storage with 25 percent void rock and with sodium, 
and ib) the number of hours the storage system can run the plant at average output. 

13-7 A central receiver solar thermal powerplant with storage has 1000 heliostats that have 60 m^ of 
reflective surface each. The transmission efficiency between incidence and the receiver is 25 percent. The 
steam plant efficiency is 30 percent, both considered constant during the day. Assume that the solar incidence 
in June follows a sine curve beginning with 7x;ro at -6 h before solar noon, and ending with zero at -1-6 
h after solar noon, with a peak of 1 kW/m^. The plant operates between - 5.5 h and -f 5.5 h around solar 
noon. Duri'ig that period the end use power pwrofilc is constant at 2.5 MW. Calculate (a) the peak powerplant 
output, in megawatts, (b) the fwwerplant output at startup, in megawatts, (c) the total energy output during 
operation, in megawatt hours, id] the total equivalent electric energy going into storage, in megawatt hours, 
and ie) the time end use stops withdrawing from storage and energy input to storage begins, hours before 
solar noon. 

13-8 A parabolic dish solar concentrator has 60 m^ of reflective surface. A Stirling engine is mounted at 
the focal point. It is assumed to have a constant efficiency of 38 percent and is connected to an electric 
generator that has an efficiency of 95 percent. The concentrator reflective losses are 4 percent. The peak 
solar insolation is 1 kW/m^. Assuming for simplicity that the concentrator shape can be approximated by 
a spherical surface subtended by a 60° solid angle from its center, determine (a) the peak power of the 
generator, in kilowatts, (b) the estimated power when the sun’s elevation is 15° (summer solstice), and (c) 
die fuel oil, in grams per second, necessary to produce peak power at night. Assume fuel oil with a heating 
value of 42,000 U/kg is used. 

13-9 A solar thermal central receiver system uses 2000 heliostats each 40 m^ in reflective surface area. 
The receiver converts feedwater from the condenser at 1 psia to steam at 500 psia and 6O0°F. No feedwater 
healers arc used. Assuming absorption by the steam in the receiver to be 60 percent of all radiation incident 
on the hcliostats, that 20 percent of all receiver energy goes to storage at peak radiation, and that the 
combined turbine-generator polytropic-mcchanical-elcctrical efficiency to be 80 percent, find for the con¬ 
ditions at peak radiation (a) the heat added to the cycle, in Btus per hour, (b) the turbine steam flow rate, 
in pounds mass per hour, and (c) the generator output, in megawatts. 

13-10 A combined thermal solar powerplant operates on a flow diagram similar to but not identical with 
of Fig. 13-25. At peak solar insolation, 10^ lb,n/h of atmospheric air at 520°R is compressed to 9.76 
‘‘bn, after which it is heated in the central receiver, entering the high-pressure gas turbine at 9.6 atm at 
I960°R. It leaves the low-pressure turbine at 20 psia to the steam generator, leaving it at 600°R. Superheated 
^am is generated at 1000 psia and 780T and expands in the steam turbine to I psia. The compressor and 
^ gas turbines have polytropic efficiencies of 0.82 and 0.88, respectively. The steam turbine has a 
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polytropic efficiency of 0.90. The compressor and all turbines have mechanical efficiencies of 0.95, The 
electric generator has a combined mechanical-electrical efficiency of 0.96. For simplicity ignore storage 
feedwater heating and condensate pump work. Calculate (a) the steam mass flow rale, in pounds mass per 
hour, (b) the net power output of the plant, in megawatts, if 20 percent of the gross power is used iniemally 
(c) the combined plant net efficiency, and (^0 the number of hcliostats needed if their reflective areas are 
100 m^ each and the radiation transmission losses to the air in the tower arc 40 percent of solar insolation 
13-11 A 7.5-cm-diameter circular photovoltaic solar cell is subjected to a solar energy flux of 2.5 x i()i 
photons/s ■ cm’ at an average photon wavelength of 0.838 (xm. Calculate (u) the solar insolation on the 
cell, in watts per square meter, and (fi) the maximum theoretical power that can be produced by the cell 
in watts. 

13-12 A 0.08-m-diameler circular photovoltaic cell receives the following solar fluxes, in photons per 
second per square centimeter, in the wavelength ranges between the parentheses: 0 5 x (0.3-0 5 ixm) 
0.85 X 10'^ (0.5-0.7 am), 0 5 x 10'^ (0 7-0 9 p-m). 0.45 x 10'" (0.9-1.1 M.m), and zero below 0 
and above 1.1 ptm. Estimate (r/) the number of such cells necessary to produce 10 kW of ac p<^)wer, and 
(b) the array area on which they are mounted. 

13-13 Calculate the overall efficiency of a satellite solar-power system that produce.s 10 GW on earth from 
two square photovoltaic arrays, each 5 km on the side. Assume a 0 95 packing fraction of the cells 
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WIND ENERGY 


14-1 INTRODUCTION 

Wind er>crgy is rightfully an indirect form of solar energy since wind is induced chiefly 
by the uneven heating of the earth’s crust by the sun. The topic would have fit in 
Chap. 13 except that that chapter was already quite lengthy and a separate chapter 
devoted to wind energy seemed appropriate. 

Winds can be broadly classified as planetary and local. Planetary winds are caused 
by greater solar heating of the earth’s surface near the equator than near the northern 
or southern poles. This causes warm tropical air to rise and flow through the upper 
atmosphere toward the poles and cold air from the poles to flow back to the equator 
nearer to the earth’s surface. The direction of motion of planetary winds with respect 
to the earth is affected by the rotation of the earth. The warm air moving toward the 
poles in the upper atmosphere assumes an easterly direction (in both the northern and 
southern hemispheres) that results in the prevailing westerlies (Fig. 14-1). (Winds are 
named according to the direction they come from.) At the same time, the inertia of 
the cool air moving toward the equator nearer the earth’s surface causes it to turn 
west, resulting in the northeast trade winds in the northern hemisphere and the southeast 
trade winds in the southern hemisphere. 

The western motion toward the equator and the eastern motion toward the poles 
*^sult in large counterclockwise circulation of air around low-pressure areas in the 
northern hemisphere and clockwise circulation in the southern hemisphere. The wes¬ 
terlies control events between the 30° and 60° latitudes (where a majority of the earth’s 
population lives). Because the earth’s axis is inclined to its orbital plane around_-d^ 
sun (Fig, 13-2), seasonal variations in the heat received from the sun result in seasonal 
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Figure 14-1 Planetary winds in the earth’s atmosphere {EPRI ) 


vanations in the velocity and direction of the wind from the general flow patterTi 
described above. 

Local winds are caused by two mechanisms. The first is differential heating o! 
land and water. Solar insolation during the day is readily converted to sensible energy 
of the land surface but is partly absorbed in layers below the water surface and partly 
consumed in evaporating some of that water The land mass becomes hotter than the 
water, which causes the air above land to heat up and become warmer than the air 
above water. The warmer lighter air above the land rises, and the cooler heavier air 
above the water moves in to replace it. This is the mechanism of shore breezes Ai 
night, the direction of the breezes is reversed because the land mass cools to the sky 
more rapidly than the water, assuming a clear sky. The second mechanism of local 
winds is caused by hills and mountain sides. The air above the slopes heats up dunng 
the day and cools down at night, more rapidly than the air above the low lands This 
causes heated air during the day to rise along the slopes and relatively cool heavy air 
to flow down at night. 

It has been estimated [133,134] that about 2 percent of all solar radiation falling 
on the face of the earth is converted to kinetic energy in the atmosphere and that .^0 
percent of this kinetic energy occurs in the lowest 1000 m (3280 ft) of elevauon h 
is thus said that the total kinetic energy of the wind in this lowest kilometer, if harnessed, 
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can satisfy more than 3 times the energy demands of the United States at the early 
1980 s’ rates. It is also claimed that wind power is pollution free and that its source 
ot energy is free. Such are the seemingly compelling arguments for wind-power, not 
unlike those for solar-power. Although solar energy is cyclic and predictable, and even 
dependable in some parts of the globe, wind energy, however, is erratic, unsteady, 
and often treacherous except in very few areas. It does, however, have a place in the 
total energy picture, particularly for those areas with more or less steady winds, 
especially those that are far removed from central power grids, and for small, remote 
domestic and farm needs. 


14-2 HISTORY OF WIND POWER 

Human beings have always dreamt of converting wind power to mechanical and, more 
recently, electric power. Wind, more than any other renewable energy source, has 
intrigued serious and amateur inventors over the ages. It is said that more patents for 
wind systems have been applied for than almost any other device to date. 

In ancient times the kinetic energy of the wind was used to propel ships by sails. 
Windmills, however, are more recent, having been used for a little over a thousand 
vears. The earliest reference to windmills appeared in Arab writings from the ninth 
ccnlury a d that described mills that operated on the borders of Persia and Afganistan 
some two centuries earlier. 

Vertical-Axis Windmills 

These early machines, sometimes referred to as the Persian windmills, were vertical- 
axis machines. They evolved from ships. Sails, firs nade of canvas and then of wood, 
were attached to a large horizontal wheel. The wind pressure against the sails caused 
the wheel to turn. A vertical axle attached to the wheel usually turned a grindstone to 
grind grain into flour, hence the name windmill. Similar mills were known to have 
been used in the thirteenth century a d in China to evaporate seawater for the pro¬ 
duction of salt, and later in the Cnmea, Europe, and the United States, though few 
of them remain today. 

One of the most successful early forms of the vertical-axis mill is the one named 
after Savonius of Finland. The Savonius windmill had single or multiple S-shaped sails 
and a vertical axis (Fig. 14-2). Vertical-axis machines that are still being investigated 
are the Madaras (Magnus effect) and Darrieus machines (Secs. 14-9 and 14-10). 

One advantage of vertical-axis machines is that they operate in all wind directions 
and thus need no yaw adjustments. 

Horizontal-Axis Windmills 

vertical-axis windmill was changed, after the idea of a windmill reached Europe, 
into a vertical-wheel horizontal-axis configuration. The first designs had sails built on 
2 post that could be made to face into any wind direction. The vertical wheel drove 
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Figurt 14-2 Some of the more 
workable (though not necessarily 
economical) windmills of the ver¬ 
tical- and horizontal-axis types [135] 


a vertical axle through gears. Such machines first appeared in France and England in 
the late twelfth century and were called post mills. Various modifications of these 
mills evolved in Europe and America throughout the middle ages and were used for 
grinding grain, drainage, pumping, sawmilling, and other purposes. In the Netherlands, 
where very large land areas are below sea level and constantly threatened with flooding, 
windmills were widely used to pump water out of the fields and into canals which 
look it back to the sea. Nowadays, only a few romantic mills remain and pumping 
relies mostly on electric drives. 

Electrical Generation 

The first windmill to drive an electrical generator was built by P. La Cour of Denmark 
late in the nineteenth century. After World War I, sails with airfoil cross sections (like 
the blades of an airplane propeller) were developed for use in windmills; the result 
was what is now called the propeller-type windmill, or wind turbine. In 1931, such a 
windmill was built in the Crimea and produced low-voltage electricity that was fed 
directly into the local grid. 

Experiments on twin-bladed mills were conducted in the United States, resulting, 
notably in 1940, in a large mill called the Smith-Putnam machine, which was designed 
by Palmer Putnam with the assistance of Theodore von Karman, the famed aerodynam- 
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icist, and others. The plant, rated at 1.25 MW of ac power [135], was constructed by 
the S. Morgan Smith Company of York, Pennsylvania, atop a 2000-ft (6l0-m) high 
mountain called Grandpa’s Knob, near Rutland, Vermont. The mill had a twin-bladed, 
175 -ft (55-m) diameter propeller-type rotor that weighed 16 tons, was mounted on top 
of a 110-ft (34-m) tower, and rotated at 28 r/min. After intermittent operations for a 
number of years, one of the blades broke off in March 1945, near the hub where a 
previously discovered weakness was not corrected because of wartime shortages. The 
project was abandoned when it was decided that, even if repaired, the plant could not 
compete economically with fossil or hydro powerplants. 

The tranditional nonelectrical windmill still survives around the world, however 
(1000 mills were still operating in Portugal in 1%5), mainly in areas not easily 
accessible to central power grids and in areas of mainly peasant economy. 

14-3 PRINCIPLES OF WIND POWER 
Total Power 

The total power of a wind stream is equal to the rate of the incoming kinetic energy 
of that stream KE,, or 

= mKE. = (14-1) 

2gc 

whclc = total power, W or ft • lb/ 

m = mass-flow rate, kg/s or lb„/h 
V, = incoming velocity, m/s or fl/h 
gc = conversion factor = 1.0 kg/(N • s^) or 
4,17 X 10«lb„, • ft/(lb/- h"^) 

The mass-flow rate is given by the continuity equation 

m = pAV, (14-2) 

where p = incoming wind density, kg/m^ or Ibjft^ 

A = cross-sectional area of stream, m^ or ft^ 

Thus 

= (14-3) 

Thus the total power of a wind stream is directly proportional to its density, area, 
^d the cube of its velocity. Figure 14-3 is a plot of Ptoi ^ts a function of A and V/ for 
wind at I standard atmosphere pressure and 15°C (59T). 
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Maximum Power 

It will shortly be apparent that the total power discussed above cannot all be convened 
to mechanical power. Consider a honzontal-axis, propeller-type windmill, henceforth 
to be called a wind turbine, which is the most common type used today. Assume that 
the wheel of such a turbine has thickness a-b (Fig. 14-4); that the incoming wind 
pressure and velocity, far upstream of the turbine, are P, and V,, and that the exit wind 
pressure and velocity, far downstream of the turbine, are and respectively V, 
is less than V, because kinetic energy is extracted by the turbine. 

Considering the incoming air between i and a as a thermodynamic system, and 
assuming that the air density remains constant (a good assumption since the pressure 
and temperature changes are very small compared to ambient), that the change m 
potential energy is zero, and no heat or work are added or removed between / and a, 
the general energy equation (Eq. 1-Ic) reduces to the kinetic and flow energy terms 
only. 
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„ p, + ('«(.) 

where v and p are the specific volume and its reciprocal, the density, respectively, 
both considered constant. Equation (14-4^) is the familiar Bemouilli equation. 
Similarly, for the exit region b-e 


Vi 

Pe + PT^ = P. + PT^ 

2gc 2g, 


(14-5) 


The wind velocity across the turbine decreases from a to b since kinetic energy 
is converted to mechanical work there. The incoming velocity V, does not decrease 
abruptly but gradually as it approaches the turbine to and as it leaves it to V^. Thus 
V, > Va and Vf, > V^, and therefore, from Eqs. (14-4) and (14-5), > P, and P/, < P/, 

that is, the wind pressure rises as it approaches, then as it leaves the wheel. 

Combining Eqs. (14-4) and (14-5) gives 


Po - Pt 



Vi 
P — 



P, ^ p 


VI 



(14-6) 


It is reasonable to assume that, far from the turbine at e. the wind pressure returns 
to ambient, or 


P. = P. 


(14-7) 


lurbinc 

wheel 




Figure 14-4 Pressure and velocity pro¬ 
files of a wind moving through a hori¬ 
zontal-axis propeller-type wind turbine. 
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and that the velocity within the turbine, does not change because the blade width 
a-b is thin compared with the total distance considered, so that 


V, - V, - V, 

Combining Eqs. (14-6) to (14-8) gives 




(14-8) 


(14-9) 


The axial force F,, in the direction of the wind stream, on a turbine wheel with 
projected area, perpendicular to the stream A, is given by 


F, = (Pa - PM 


- 


(14-10) 


This force is also equal to the change in momentum of the wind A(mV)/gc where m 
is the mass-flow rate given by 


m = pAV, 


(14-11) 


Thus 


F, = -pAVXV, - VJ (14-12) 

gc 

Equating Eqs. (14-10) and (14-12) gives 

V, = -f V,) (14-13) 

We shall now consider the total thermodynamic system bounde j by i and e. The 
changes in potential energy arc, as above, zero, but so arc the changes in internal 
energy (T^ = 7,) and flow energy (P.v = 7,v), and no heat is added or rejected. The 
general energy equation now reduces to the steady-flow work W and kinetic energy 
terms 


V- - 

W = KE, - KE, = -4 -^ (14-14) 

^gc 

The power P is the rate of work. Using Eq. (14-11) 

W 1 

P = m-4-= = —PAVIV} - VI) (14-15) 

2«c 2ga 

Combining with Eq. (14-13) 


P = ^pA(V, -(- V,)(V? - Vi) (14-16) 

^gc 

Equation (14-15) reverts to Eq. (14-3) for P^ot when V, = V, and V, = 0; that is, the 
wind comes to a complete rest after leaving the turbine (Fig. 14-5). This, obviously, 
is an impossible situation because the wind cannot accumulate at turbine exit. It can 
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Figure 14-5 Total conversion of incoming wind ki¬ 
netic energy to work. 


be seen from Eq. (14-16), where V, is positive in one term and negative in the other, 
that too low or too high a value for results in reduced power. There thus is an 
optimum exit velocity V, opi that results in maximum power Pmax* which is obtained 
by differentiating P in Eq. (14-16) with respect to V, for a given V, and equating the 
derivative to zero, i.e., dPIdV^ = 0, which gives 

-b 2V,V, - V? = 0 

This is solved for a positive to give ^p, 

= V, (14-17) 

Combining with Eq. (14-16) gives Fma* 

27s< 

The ideal, or maximum, theoretical efficiency (also called the power coef¬ 
ficient) of a wind turbine is the ratio of the maximum power obtained from the wind, 
Eq. (14-18), to the total power of the wind, Eq. (14-3), or 

rj™. = ^ = = ^ = 0.5926 (14-19) 

Pxoi 27 

In other words, a wind turbine is capable of converting no more than 60 percent of 
the total power of a wind to useful power. 


Actual Power 

Like steam- and gas-turbine blades (Sec. 5-5), wind-turbine blades experience changes 
in velocity dependent upon the blade inlet angle and the blade velocity. Because the 
blades are long, the blade velocity varies with the radius to a greater degree than 
steam- or gas-turbine blades and the blades are therefore twisted. The maximum 
efficiency (or power coefficient) given by Eq. (14-19) assumes ideal conditions along 
the entire blade. A rigorous treatment of the power extracted from the wind by a 
propeller-type wind turbine shows that the power coefficient is strongly dependent on 
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Figure 14-6 Power coefficienl of 
various windmills vs. ratio of blade 
tip to wind speeds [135] 


blade-to-wind speed ratio, that it reaches its maximum value of about 0.6 only when 
the maximum blade speed, i.e., the blade speed at the tip, is some 6 or 7 times the 
wind speed, and that it drops rapidly at blade tip-to-wind speed ratios below about 
2.0. Figure 14-6 shows the power coefficient for an ideal propeller-type wind turbine 
and various other wind turbines. 

Because a wind-turbine wheel cannot be completely closed, and because of spillage 
and other effects, practical turbines achieve some 50 to 70 percent of the ideal effi¬ 
ciency. The real efficiency 17 is the product of this and and is the ratio of actual 
to total power 

P = VP.^ = (14-20) 

2g< 

where 77 varies between 30 and 40 percent for real turbines. 


Forces on the Blades 

There are two types of forces operating on the blades of a propeller-type wind turbine. 
They are the circumferential forces in the direction of wheel rotation that provide the 
torque and the axial forces in the direction of the wind stream that provide an axial 
thrust that must be counteracted by proper mechanical design. 

The circumferential force, or torque, T is obtained from 
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where 


T = torque, N or Ib/^ 

0 ) = angular velocity of turbine wheel, nVs or ft/s 
D = diameter of turbine wheel = V4v4/7r, m or ft 
N = wheel revolutions per unit time, 


For a turbine operating at power P, Eq. (14-20), the torque is given by 


T = 


1 pDVl 
N 


For a turbine operating at maximum efficiency 

T max 


T 


max 


2 PDV^ 

21gr N 


(14-22) 

16/27, the torque is given by 

(14-23) 


The axial force, or axial thrust, given by Eq. (14-10), here repeated, is 


F, = f-pA{Vj - = f-pDHVf - Vl) (14-10) 

2g. 

The axial force on a turbine wheel operating at maximum efficiency where Vg = 1/3 
T, is given by 


/"..max = f- pAVf = pD^Vj (14-24) 

^gc 9g, 

The axial forces are proportional to the square of the diameter of the turbine wheel, 
which makes them difficult to cope with in extremely large-diameter machines. There 
IS thus an upper limit of diameter that must be determined by design and economical 
considerations. 


Example 14-1 A 10-m/s wind is at 1 standard atm pressure and 15°C temperature. 
Calculate (1) the total power density in the wind stream, (2) the maximum ob¬ 
tainable power density, (3) a reasonably obtainable power density, all in W/m^, 
(4) the total power (in kW) produced if the turbine diameter is 120 m, and (5) 
the torque and axial thrust N if the turbine were operating at 40 r/min and maximum 
efficiency. 


Solution For air, the gas constant^ = 287J/(kg • K). 1 atm = 1.01325 X 10^ 
Pa. 
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(1) Eq. (14-3): 

— = — pV? = —^1.226 X 10’ = 613 W/m’ 

A 2g, ^ ' 2X1 

(2) Eq. (14-18): 

— = — pV? = —^—1.226 X 10’ = 363 W/m^ 

A 21 gr 27 X 1 

(3) Assuming 17 = 40%; 

- = 0.4( — I = 0.4 X 613 = 245 W/m^ 

^ \a) 

(In English units this corresponds to 22.76 W/ft^ at 22.37 mi/h.) 

(4) p = 0,245 X — = 0.245 x = 2770 kW 

4 4 

(5) Eq. (14-23): 

2 pDV^ 2 1.20 X 1.226 x 10’ 

27g, N 27 X 1 40/60 

= 16,347 N ( = 3675 Ib^) 

Eq. (14-24): 

= “-^(1.226 X 120" x lO^) 
9gc 9x1 

= 616.255 N (= 138,540 Ib^) 


14-4 WIND TURBINE OPERATION 

Equations (14-18) and (14-20) demonstrate an inherent weakness of all wind machines, 
namely, the strong dependence of the power produced on wheel diameter and wind 
speed, being proportional to turbine wheel area, i.c., to the square of its diameter, 
and to the cube of the wind velocity. The latter dependence means that even small 
fluctuations in wind velocity, which almost always occur, would mean large fluctua¬ 
tions in power. For example, a drop in wind velocity by only 20 percent would result 
in the loss of a little less than half the power, whereas a drop in velocity to approximately 
one-half (0.464) would result in a drop in power to one-tenth, assuming constant 
efficiency (Fig. 14-7). Actually, a greater loss in power occurs because many of the 
machine losses are independent of wind velocity; the results are an increase in machine 
fractional losses and a decrease in efficiency as wind velocity and power decrease. 
The maximum machine efficiency occurs over a relatively narrow power range. 
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Figure 14-7 Power-velocity characteristics of a wind turbine 
with constant efficiency, arbitrary units. 


Flat Rating 

Severe fluctuations in power are, of course, undesirable. They pose power-oscillation 
problems on the grid and severe strains on the windmill hardware. From an economic 
point of view, a windmill designed to produce a rated power output corresponding to 
the maximum, or near maximum, prevailing wind velocity at a given site would 
generate low powers, with the full capacity of the turbine and electric generator unused 
much of the time. 

It is, therefore, more cost-effective to design a windmill to produce rated power 
at less than the maximum prevailing wind velocity, using a smaller turbine and gen¬ 
erator, and to maintain a constant output at all wind speeds above rating. This is called 
flat rating (Fig. 14-8). 

Because of the severe loss in efficiency and power at low wind velocities, a wind 
turbine is also designed to come into operation at a minimum wind speed, called the 
cut-in velocity. To protect the turbine wheel against damage at very high wind veloc¬ 
ities, it is designed to stop operation (such as by feathering the blades) at a cut-out 
velocity. Thus the wind turbine operates with variable load over a narrow range between 
the cut-in and the rated velocities and at constant power between the rated and the 
cut-out velocities and ceases operation above the cut-out velocity. 

An example of flat rating is that of the MOD-2, a second-generation class of wind 
turbines, each of which produces 2.5 MW (peak) (Sec. 14-8). The cut-in, rated, and 
cut-out wind velocities are 9.0, 20.0, and 36.0 mi/h, respectively. 

Wind-turbine ratings are usually given for a wind velocity occuring at a reference 
height, usually 30 ft (9.1 m) above grade, and with an availability factor, usually 90 
percent. The availability factor is defined as the fraction of time, during a given period, 
that the turbine is actually on line (Fig. 14-9). The actual wind velocity, at the propeller 
hub, that determines the turbine power is usually higher [Eq. (14-28), Sec. 14-5]. 

Because they do not always operate at rated power because of changing wind 
velocities, the overall load factor is much lower than the availability factor. The overall 
load factor, also called the plant operating factor and the plant capacity factor, is the 
ratio of the total energy generated during a given period of time to the total rated 
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Figure 14^ Power-velcx:ity characcenstics of a flat-rated wind 
turbine. 


generation capacity dunng the same period (Fig. 14-9). This factor thus takes into 
account operations at less than rated wind velocity, nonoperation below cut-in and 
above cut-out velocities, and power outages caused by various situations, such as 
repairs, maintenance, etc. 

The overall load factor is typically 30 to 40 percent (the MOD-OA 200-kW machine 
in Oahu, Hawaii, accumulated an impressive 45 percent factor in 1981 because of 
favorable wind patterns there). Considering an average load factor of 1/3, a wind 
powerplant of a particular rating would have to be nearly 2.5 times as large as a 
conventional powerplant of the same rating operating at a load factor of about 80 
percent. The unit capital cost, $/kW rating, for a wind powerplant would have to be 
multiplied by about 2.5 to yield a more realistic cost to a utility, This is one of the 
economic burdens of wind power. 


14-5 SITE CHARACTERISTICS 


Small Machines 

Wind turbines are broadly classified as small or large. Small wind turbines are those 
of less than 100 kW rated capacity. They are usually used for generating power for 



Figure 14-9 Hypothetical diagram of operation 
of a powerplant: x = rated net capacity of plant, 
V = peak load during period d. z ~ average 
load during period d. Plam overall load factor, 
or plant operating factor, = {A B + Cfxd. 
Plant load factor = z/y. Plant availability factor 

= (a -i- b + c)/d. d is usually taken as 1 year 
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local use in a particular location. Siting procedures for small machines involve ac¬ 
curately evaluating the wind characteristics and finding the best acceptable site widiin 
that location. Guidelines for siting small machines may be found in the Handbook for 
Siting Small Wind Energy Conversion Systems [136]. 

Large Machines 

Large wind turbines are those of 100 kW rated capacity or greater. They are used to 
generate power for distribution in central power grids. Siting procedures for such 
machines are approached differently. The geographic area in which they may be located 
may be very large, and there usually is a great deal of freedom in site selection. The 
main objective is to minimize the cost of power production for the entire grid, and 
this requires rather extensive analysis. A handbook for siting large machines was in 
preparation at the time of this writing, but various techniques have already been 
developed as tools in the different stages of siting. These include flow modeling, 
measurements, and biological, geological, topographical, social, and cultural indicators 
of wind. Some are included in the proceedings of a 1979 Conference and Workshop 
on Wind Energy Characteristics and Siting [137]. 

Suitable sites for large windmills around the world depend upon favorable wind 
activity and, in the United States, have been consolidated under a program area called 
Wind Energy Prospecting. They result in maps showing annual average wind-power 
density, W/m^, such as that shown in Fig. 14-10. The map is general in the sense that 
good sites may occasionally be found in low power density areas and vice versa. 



Figure 14-10 Annual distribution of average wind power in the United States (EPRl). 
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Mean Wind and Energy Velocities 

Wind-power potential can be estimated from the mean wind velocity V, which is based 
on measurements over a period of time. It is given by 

n 

SV', 

V = - (14-25) 

n 


n 

where £ V, is the sum of all velocity observations and n is the number of these 

I 

observations. 

Powerplant sizing would, however, be grossly underestimated if it were rated at 
the mean wind velocity. A more representative figure would be based on the mean 
energy velocity Ve, which because of the power dependence on the cube of the wind 
velocity, is given by 



(14-26) 


The ratio of Ve to V depends upon the distributions of velocity in the observations 
Talcing a hypothetical case in which 10 observations yielded velocities of 0 to 9 (in 
any units) with increments of of 1, V would be 4.5 while Ve would be 5.872, greater 
by a little over 30 percent. Another in which nine observations are zero and one was 
9 would yield V = 0.9 and Ve = 4.177, which is 364 percent greater. A third in 
which one observation was zero and nine were 9 would yield V = 8.1 and Ve = 8.69, 
an increase of about 7 percent. 

Long-term observations taken by the U.S. National Storms Laboratory at a number 
of sites in Oklahoma showed Ve to be greater than V by about 25 percent. The use of 

V to estimate energy potential in that case would underestimate it by a factor of 1.25\ 
or almost 2. 

The total energy prcxluction of a wind turbine of a given rating during a given 
period is, as by now known, not equal to its rating times the number of hours during 
that pericxl because (1) the availability factor of less than 1(X) percent and (2) the 
variations of wind velocity dunng that pericxl. The effect of this variation on energy 
production can be obtained only if it is precisely known. 

For estimation purposes a distribution, called the Weibull distribution model, 
discussed in Ref. 138, has been found useful and appropriate for wind-turbine per¬ 
formance analysis by many investigators. That model gives the probability that the 
wind velcx:ity is greater than a selected value V for a locality where the mean wind 
velocity V is known. It is given at reference height Hr = 9.1 m (30 ft), where V, and 

V arc in m/s, by 


Kr 


P(V, >V) = e 


(V/Cr)‘ 


( 14 - 27 ) 
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where P{Vi > VO = probability that incoming wind velocity 

exceeds a value V at reference height Hr 

Kr = 1.09 + 0.20V 

" r[i + ( 1 /a:.)) 

r = gamma function 

Figure 14-11 shows wind-di^ribution curves (also called exceedance and endur¬ 
ance curves) for three values of V [139]. The abscissa shows the number of hours per 
year during which the wind velocity exceeds that given by the ordinate. For example, 
for = 15 mi/h, the wind velocity exceeds 20 mi/h about 2(XX) h/year, or about 22 
percent of the time. [Some sites in Oklahoma, one of the high power density states, 
have reported winds at 8 knots (about 9.2 mi/h) or greater about 70 percent of the 
time.] 

A height above ground of 30 ft (9.1 m) is usually used as a reference elevation 
for which wind velocities are tabulated or listed (as in Fig. 14-11). The velocity to 
be used in determining the power of a wind turbine, however, is that at the hub of 
the turbine wheel, which is 100 to 260 ft (—30 to 80 m) for current large wind turbines. 
The ratio of wind velocity V at a height H to the reference velocity Vr at reference 
height Hr is given by a wind-shear model [137] as 



/ log Vr 

where a = Ool 1 - ^-— 

V log Vo 



Figure 14-11 Wind-speed distribution (exceedance) curves for three values of the mean wind speed V at 
a height of 30 ft (9.1 m) [139]. 
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Zo = surface roughness length, varying widely 
but taken as 0.4 m for evaluation purposes 
to conform with the empirical values used in 
the model 


Vo = a fixed velocity = 67.1 m/s 


At elevations H, other than the reference (30 ft, 9.1 m), the Weibull distribution 
model is used, but the parameters and are modified to Kh and C/y, given by 


and 


where 



( 14 - 29 ) 


( 14 - 30 ) 


( 14 - 31 ) 


The annual energy output for any horizontal-axis wind turbine can now be esti¬ 
mated for a given mean wind velocity V using the wind-distribution curves by cal¬ 
culating the power output at each wind velocity and integrating it over the time duration 
for that wind velocity. 

Specifications for wind turbines usually include estimated annual power output, 



10 12 14 16 18 20 

Site mean wind speed, mi/h 


Figure 14-12 Computed annual power generation of three 
large horizontal-axis wind turbines, assuming 90 percent 
availabiity factor, Weibull wind-sp)eed distribution at 30-fl 
elevation, and various aerodynamic, mechanical, and elec 
trical losses [139]. 
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in MWh/year, computed for the reference elevation of 9.1 m (30 ft), for a machine 
availability factor of 90 percent, for a Weibull wind-velocity distribution, and including 
the effects of aerodynamic, mechanical, and electrical losses, up to the busbar (beyond 
the step-up transformer). Such calculations have been made for three large machines, 
the MOD-OA, MOD-1, and MOD-2 (Sec. 14-6) at various values of the mean wind 
speed V (Fig. 14-12). 

14-6 NEW DEVELOPMENT: SMALL MACHINES 

As indicated earlier, small machines are classified as those less than 100 kW rated 
capacity They are designed primarily for local use at or near their intended load for 
farm, home, or rural use In the United States, the Department of Energy has a “Small 
Wind Energy Conversion Systems (SWECS)” test program that is managed and op¬ 
erated by Rockwell International at a lest center at Rocky Flats, Colorado (Fig 14- 
H) The program is designed to develop small advanced machines with the goal of 
their earliest possible commercialization by attempting to make their costs competitive 
with the costs of power obtained from conventional systems and by dealing with the 
problems of small consumer and institutional acceptance The program is producing 



14-13 The Rocky Flats, Colorado, Small Wind Machine Test Center, SWECS. (Courtesy DOE.) 
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technical data on machine costs, construction, output, durability, and behavior under 
varying as well as extreme weather conditions. 

The first cycle of the SWECS program included nine contracts to build machines 
in the 1-, 8-, and 40-kW ranges. In the 40-kW range, McDonnell Aircraft Company 
is building a three-bladed, 65-ft-diameter rotor geared to a vertical axis, while Kaman 
Aerospace Corporation is building two prototypes—each a twin-bladed, 64-ft-diameter 
rotor, horizontal-axis machine—one to generate electricity and the other to drive 
equipment, such as irrigation pumps, mechanically. 


14-7 NEW DEVELOPMENTS: LARGE MACfflNES 

The large horizontal-axis wind turbine is currently receiving the lion’s share of research 
and development funds and is the beneficiary of the most advanced technology for 
harnessing wind power. In the United States the development effort is managed by 
the National Aeronautics and Space Administration (NASA) for the Department of 
Energy and by the U.S. Bureau of Reclamation. The program has gone through three 
generations of machines (Fig. 14-14). 

The first generation started with the MOD-0 machine, which was rated at 100 
kW in 18-mi/h wind (at the reference height of 30 ft) and first tested in September 
1975 at a NASA experimental station near Sandusky, Ohio. MOD-0, not shown in 
Fig. 14-14, has a power coefficient of 0.375, a power train efficiency of 0.75, a cut- 
in wind velocity of 8 mi/h (13 km/h), and a rotor speed of 40 r/min in winds over 6 
mi/h (10 km/h). The blades are fully feathered in 60-mi/h winds, and the system was 
designed to withstand 150-mi/h (240-km/h) winds. The rotor, transmission train, gen¬ 
erator, and controls were mounted on a bed plate atop a 100-ft (30-m) tower of pinned- 
truss design. The controls included a blade pitch change mechanism and a yaw control 
that rotated the bed plate at 1/6 r/min to keep the rotor aligned to the wind. The gear 
box had a speed ratio of 45 : 1. The alternator weighed 1425 lb,„ (645 kg), rotated at 
1800 r/min, and was rated at 125 kVA. The installation had a capital cost of $500,000, 
or a unit capital cost of $5000 per rated kW, 4 to 5 times that of conventional systems. 
The real cost is of course higher because it must take into account the overall load 
factor. 

Four updated versions of the MOD-0 machine, called MOD-OA and rated at 200 
kW, were subsequently built between 1977 and 1980. Their design data arc shown in 
Fig. 14-14. The most improved and successful of the MOD-OA machines is the one 
built in Oahu, Hawaii. It generated 1.14 GWh between July 1980 and November 1981 
for an overall load factor of about 0.45. The MOD-OA machines were followed by a 
single MOD-1 machine built at Howard’s Knob, Boone, North Carolina, in 1979 
Figures 14-15 and 14-16 show an overall view and a cross section of the nacelle of 
MOD-1. 

The first-generation machines described above were research prototypes used for 
field experimentation, for the assessment of structural and aerodynamic performance, 
and to gain operating experience. Data gathered have been used in the design of the 
second-generation machines. 
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Figure 14-15 The MOD I wind turbine at Howard s Knob Boone North Carolina (Courtesy DOE j 
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Figure 14-16 The MOD-1 nacelle showing rolor and blades (in part) on the left, electrical generator on 
the right, and yaw drive on the bottom. 


The second-generation machines, called MOD-2 (Fig. 14-14), have two-bladed 
upwind turbines and are rated at 2.5 MW and situated atop 200-ft (6I-m) cylindrical 
towers. The rotor is 300 ft (91 m) in diameter (which is the length of a football field) 
and is constructed as a continuous blade without a protruding hub. Speed control is 
accomplished by pitching the tips of the rotor. The cut-in, rated, and cut-out wind 
velocities (at tower top) are 14, 27.5, and 45 mi/h (6.3, 12.3 and 20.1 m/s), respec¬ 
tively. Five such machines have been built, three in Goodnoe Hills, Goldendale, 
Washington (in 1980, 1981, and 1981), and one each in Medicine Bow, Wyoming 
(in 1981), and Solano County, California (in 1982). Figure 14-17 is an artist’s rendering 
of one of the Goodnoe Hills MOD-2 machines, and Fig. 14-18 is a cross section of 
the MOD-2 nacelle. Some design parameters of the MOD-2 machines are given in 
Table 14-1. 

The third-generation machines, called MOD-5, are currently (1982) in the design 
stage. They are designed as advanced multimegawatt systems with the goal of reducing 
unit capital costs approximately 30 percent below the second-generation machines. 
There are two MOD-5 designs (Fig. 14-14), both upwind and twin-bladed. MOD-5A 
is rated at 6.2 MW with a rotor diameter of 400 ft (122 m). MOD-5B is rated at 7.2 
MW with a rotor diameter of 420 ft (128 m). They are being designed with new 
features, such as two-sp)eed and variable-speed operation, induction generators, and 
blades made of laminated wood. 

Much of the early work on blades and their controls benefited from the experience 
of the helicopter rotor industry. The advanced wind turbines, however, have rotor 
diameters much greater than those common in helicopters, though their control systems 
are somewhat less complicated. 
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FIcbr 14-17 Artist's conception of the MOD 2 wind turbine at Goodnoe Hills Washington (Courte: 
DOE) 
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FOR PITCH CHANGE 


Figure 14-18 The MOD-2 nacelle [139]. 


Materials for the blades have varied over the years, including steel, aluminum, 
fiberglass, laminated wood, and combinations such as steel spar with foam trailing 
edge (MOD-1). 

Novel Wind Turbines 

Although research and development funds have gone largely to propeller-type wind 
turbines, some have been expended to investigate other designs that may offer future 
technical and economic advantages. Two of these will be covered in the next sections, 
the Madaras concept and the Darheus rotor. While they are referred to here as “novel,” 
the principles behind them are not new. 


14-8 THE MAGNUS EFFECT 

The Madaras concept is based on the Magnus effect, which was first demonstrated 
experimentally by Magnus in 1852. The effect showed that if a honzontal cylinder is 
rotated about its axis and moved through a still wind, a lift force is produced. Similarly, 
tf a stationary horizontal cylinder is rotated about its axis in a cross wind, it will 
experience a lift force. The effect is equally applicable to a vertical cylinder being 
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Table 14-1 Some design parameters of the MOD-2 wind-turbine plant 


Pcrfomance 

Rated power 

2.5 MW 



Wind velocity, mi/h 

At 30-ft height 

At hub 


Cut-in 

9.0 

14.0 


Rated 

20.0 

27.5 


Cut-out 

36.0 

45.0 


Max. design 

120.0 

125.0 

Rotor 

Diameter 

Number of blades 
Location, rotation 
Revolutions per minute 
Cone, lilt, twist angles 

Tip length, each 

Material 

300 ft, 91 m 

Two 

Upwind, counterclockwise 
17.5 

0\ 2\ 8° 

45 ft, 13.7 m 

Steel 


Tower 

Height 

Hub height 

Type 

Access 

192 ft, 58.5 m 

200 ft, 61 m 

Flared shell 

Power manlift 


Controls 

Power regulation 

Yaw 

Yaw motor, rate 
Supervisory 

Rotor-tip pitch control, 
hydraulic 

Internal toothing gear 
Hydraulic, 0.25 deg/s 
Microprocessor 


Generator 

Rating, power factor 
Voltage, frequency 
Revolutions per minute 
Gearbox 

Gear step-up ratio 

3125 kVA, 0.8 

4160 (three-phase), 60 Hz 
1800 

Three-stage planetary 

103 


Mass 

Rotor 

Rotor and nacelle 

Tower 

180,000 lb„„ 81,670 kg 
364,000 lb„„ 165,150 kg 
255,000 Ib^, 115,700 kg 



rotated about its axis in a cross wind. It will experience a force perpendicular to its 
axis, which will cause it to move in a direction essentially perpendicular to that of the 
wind. 

The magnus effect can be explained by first considering a cylinder in nonviscous 
flow (Fig. 14-19). The cylinder has a length much greater than its diameter, so end 
effects are unimportant and flows around it can be considered two dimensional 
In Fig. 14-19fl the cylinder is not rotating and a uniform stream is flowing past 
it, which gives rise to streamlines as shown. The velocity at any point on the surface 
of the cylinder is given [140] by 

V, = 2VtSine ( 14 -''’' 

where Ve = air velocity on the cylinder surface at angle 6 

Vi = incoming uniform air velocity, far from the cylinder 
d = polar angle, measured from the stagnation point 
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where 


Pi = pressure of incoming stream 

Ps = pressure on the cylinder surface at 6 

p = air density, considered constant 

Pi = nondimensional pressure on cylinder 
surface at 6 


Thus Pe is greater than P, at the stagnation point (^ = 0) by the quantity pV]l2g,^ 
which is the dynamic pressure of the undisturbed stream. Pe is equal to P, at 0 = ± 30 ° 
and ± 150° and less than Pi at 0 = ±90° by the quantity 3pVjl2gc. The variation 
with 0 is shown by the Pi plot in Fig. 14-196, which shows a symmetrical distribution 
about the cylinder. Thus no resultant forces occur either parallel or perpendicular to 
the undisturbed stream; i.e., there is neither lift nor drag on the cylinder for the case 
of ideal nonviscous flow. 

Now we will consider that the cylinder is rotated about its axis but that the air 
far from the cylinder is at rest this time. The cylinder rotation produces a circulatory 
flow around it (Fig. 14-20) where the velocity is inversely proportional to the distance 
from the cylinder axis. Thus 


iTjrVr = lirRVp = F 


or 

Vr = - 

Irrr 

(14-36) 

and 

V =X 

IttR 

(14-37) 


where = velocity at distance r from the cylinder axis 

Vp = cylinder peripheral velocity = IttRN 



Figure 14-20 Circulatory flow around a rotating cyl 
indcr in an otherwise still air. 
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Figure 14-21 Velocity streamlines around a rotating cylinder in a stream of air. 


r - radial distance from cylinder axis 

R = cylinder radius 

r = a constant = lirRYp = (IttRYN 

having the dimension length^/time and 
called the circulation constant 

N = number of revolutions per unit time 

Now we will combine the two cases from above, i.e., a rotating cylinder in a 
stream of air. When Figs. 14-19a and 14-20 are superimposed, it is obvious that the 
two velocity patterns will reinforce each other when in the same direction, i.e., at the 
cylinder top, and oppose each other at the bottom. Thus there will be a velocity 
increase at the top and a velocity decrease at the bottom (Fig. 14-21). The velocity V 
on the cylinder surface is given by the sum of and Vp from Eqs. (14-32) and (14- 
37), or 


r 

V = 2V, sin 6 4- —— (14-38) 

IttR 

where sin S is positive between 6 = 0 and 180° and negative between 0 and - 180°. 
The pressures on the cylinder will therefore be higher at the bottom (where the velocities 
are lower) and lower at the top (where the velocities are higher) than in the case of 
no cylinder rotation. Note the stagnation points where V = 0 are no longer at 0 = 0 
and 180° but are slightly on the lower side of the cylinder.’*' 


* The two stagnation points approach each other as Vp increases until only one stagnation point occurs 
at (? = - 9 QO ^ 2 v, and r = AuRV,. 
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The Lift Force 


There will, therefore, be a lift force acting perpendicular to the direction of the stream 
The lift force is obtained by integrating the component of the pressure on the cylinder 
that is perpendicular to the free stream. The pressure is obtained by using Bernoulli ^ 
equation, as was done for Eq. (14-33), except that the velocity from Eq. (14-38) is 
used in place of Pe Thus 


P = P, 


+ 


—p Vf - ( 2V, sin S + 

L V 



( 14 - 39 ) 


where P = pressure on cylinder surface at 8 (Fig. 14-21/?). The lift force is obtained 
from 


Fl 



P sin 6 RdSH 


Combining with Eq. (14-39) and integrating results in 


2iT 477^ ^ 

Fl = —pRHVy, = - pR^HNV, 

gc 


(14-40) 


( 14 - 41 ) 


where F^ - lift force on cylinder 

H = length (or height) of cylinder 

It is convenient to give the lift force in terms of a dimensionless lift coefficient 
Ct, the dynamic pressure of the free stream pVjllg,., and the projected area of the 
cylinder A = 2RH, or 


F, =C\Ap^ ( 14 - 42 ) 

Comparing this with Eq. (14-41) gives, for nonviscous flow 

Cl = 2v^ ( 14 - 43 ) 

or the value of the lift coefficient in nonviscous flow is directly proportional to the 
ratio of the cylinder peripheral to the free stream velocities. 

As indicated, the above development of the Magnus effect was based on ideal 
nonviscous flow. For a real fluid, the effects of viscosity and boundary layer separation 
result in a pressure distribution for nonrotating cylinders as shown in Fig. 14-19c 
Experimental measurement on rotating cylinders in real fluids show values of Cl thai 
are much lower than those given by Eq. (14-43), reaching a maximum between 9 and 
10 beyond a speed ratio VyV, of 4 or 5 (Fig. 14-22). Equation 14-42 should be used 
with a value of Cl obtained from Fig. 14-22. 
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The Drag Force 

The drag force for an ideal fluid was found above to be zero. For a real fluid the 
imbalance in pressures (Fig. 14-19c), results in a drag force in the direction of the 
free stream, given, similarly to Eq. (14-42), by 

Fu = CnAf)^ (14-44) 

where Cp = drag coefficient, dimensionless. It is a function of the Reynolds number 

Re = (14-45) 

where D = diameter of cylinder = 2R 

fi= viscosity of fluid 

The relationship between Co and Re for long smooth cylinders is shown in Fig. 14- 

23. 

The force acting on the cylinder is the resultant force between the lift and drag 
forces. 


Example 14-2 Calculate the lift, drag, and resultant forces on a 6-ft-diameter, 
90-ft-long smooth cylinder rotating at 140 r/min in a 30 mi/h wind. The wind is 
at 1 standard atm pressure and 60°F. 


Solution For air at 1 atm and 60°F 


P _ 14.69 X 144 

^ “ 53.34 X (60 + 460) 


0.0763 Ibjft'* 


/Lt = 0.046 lbj(h • ft) 
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24 8 



Figure 14-23 Drag coefficient as a function of Rey 
nolds number for long smooth cylinders [ 140 ] 


= 

V, = 


140 

ttDN = tt X 6 X = 44 ft/s 


30 X 5280 

30 mi/h = —^ 
3600 


VpIV, 

Re 


1.0 


DVp _ 6 X 44 X 0,0763 
” 0.046/3600 


1,576,400 


Therefore 


Q = 1.0 (Fig. 14-22) 

and Cd = 0.4 (by extrapolation from Fig. 14-23) 

Dynamic pressure pVjl2gc = 0.0763 x 44^/(2 x 32.2) = 2.294 Ib/fF 

Lift force = 1.0 x 6 x 90 x 2.294 = 1239 Ib^ 

Drag force = 0.4 x 6 x 90 x 2.294 = 495 lb/ 

Resultant force = Vl239^ + 495^ = 1334 lb/ 

Ideal lift coefficient = 27r x 1 = 27r 

Ideal lift force = 27 r x 60 x 90 x 2.294 = 7785 lb/ 
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Figure 14-14 Resultant force of lift and drag propelling a spinning vertical cylinder along a track [135], 


14-9 THE MADARAS ROTOR WIND MACHINE 

Based on the Magnus effect, the Madaras rotor powerplant was invented by Julius D. 
Madaras in 1912 and was soon sponsored by the Detroit Edison Company, which 
actually built a pilot model of it at Burlington, New Jersey, in 1933. It generated 
much interest because of the novel idea behind it and because it was sponsored by an 
important utility. 

The concept consists of several tall vertical cylinders that are rotated about their 
axes in the presence of a wind. The resultant of the lift and drag forces, more in the 
direction of lift because of its larger value (Fig. 14-24(2), propels the cylinders hori- 
zoMally* along a track (Fig. 14-246). 

The powerplant concept as proposed by Madaras consists of a circular train track 
with a continuous train of four-wheel flat cars on it (Fig. 14-25). Each flat car has a 
90-ft-high cylinder that is rotated about its vertical axis at 120 r/min by a small electric 
motor. The resultant force along each cylinder moves flat cars around the circular 
track. To keep the force in the same circumferential direction along the track, the 
direction of rotation of the cylinders is reversed twice each complete turn around the 
track. The carriage wheels drive electrical generators, and the electricity generated is 
transmitted to the mains by a trolley. 

The Madaras project generated a lot of excitement and attracted a number of highly 
qualified engineers who agreed that it was a sound, economical, and safe means of 
electric-px)wer generation. It was relatively insensitive to wind velocity changes, above 
about 6 mi/h, and was believed able to withstand winds of 100 to 120 mi/h. Its capital 
cost was estimated in 1928 at $40/kW for a 10-MW plant. The pilot plant erected at 
Burlington, New Jersey, in 1933, unfortunately, blew down in a high wind before it 
''^as even tested with the loss of several million dollars and much time and effort. 

It was the failure of both the Madaras and Smith Putnam (Sec. 14-2) machines 
that caused commercial utilities in the United States to quietly abandon efforts at 


Magnus effect was used to propel a ship across the Atlantic Ocean in the early 1930s. 
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Figure 14-25 The Madaras concept in perspective [135] 


generating power from the wind back in the 1930s and 1940s. It was thus up to the 
federal government to sponsor wind-pK)wer research and development when interest 
was rekindled with the energy crisis of the 1970s. 


14-10 THE DARRIEUS MACHINE 

The Darrieus wind turbine, shown in two forms, the <\> and the A in Fig. 14-2 is an 
invention of Georges Darrieus of France, who patented it in 1920. The (})-Darrieus 
has received renewed interest as a machine that may efficiently fill the gap between 
the small domestic and large utility wind turbines. Unlike the large modem machines, 
but like the ancient Persian ones, it is a vertical-axis machine, but here the similarity 
with the ancient machines ends. A Darrieus wind turbine is invariably described as 
looking like an egg beater, with either two or three slender wings or blades that loop 
over the top and that are joined at top and bottom to the vertical axis (Fig. 14-26) 





WIND ENERGY 623 



Figure 14-26 A Uameus windmill under tesling at West Texas Stale University (Courtesy DOE.) 


The Darrieus machine has the advantages of spinning in any wind direction, thus 
requiring no yaw control, and a vertical axis that allows the power-conversion equip¬ 
ment, such as an electrical generator or pump, to be located in a stationary ground 
installation. 

The Darrieus concept is under investigation by Sandia Laboratories for the DOE. 
Several machines have been constructed and were undergoing tests in the early 1980s, 
the largest being used for a deep-well irrigation system in Bushland, Texas. It has 
two blades 37 ft in diameter and 55 ft high, produces 56 hp (42 kW) in 30-mi/h (13,4- 
ni/s) wind, and is used to pump 300 gal/min of water from a 280-ft-deep well. Pump 
speed is maintained in this experimental unit by connecting the pump in parallel to 
an electrical motor or a governed Diesel engine. 
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14-11 OTHER WIND TURBINE DESIGNS 


Besides the propeller, Madaras, and Darrieus, there has been a plethora of designs for 
wind machines. Wind, more than any other renewable energy source, has intrigued 
professional and amateur inventors over the ages. In recent years DOE has been 
evaluating literally dozens of designs for wind systems, some have already been shown 
in Fig. 14-2. The governing consideration, as always, is the economic one. what size 
and cost are needed per unit power output. 

One intriguing powerplant design, called an aeroelectric plant, uses the flow up 
a tower that looks much like a cooling tower. Its walls are heated by solar radiation. 
Because the walls are circular, the sun’s rays need not be tracked as it changes position 
in the sky during the day. The heated walls in turn heat the inside air and a flow up 
the tower is established. 

This air flow is made to drive a number of air turbines located near the top of the 
tower. The turbines, in turn, drive electrical generators. The driving pressure causing 
airflow is given by the now familiar expression 

= (P» - P,)H- (14-46fl) 

gc 

and, since air can be treated as a perfect gas where p = PIRT 



where = driving pressure needed to overcome the 

pressure losses in the tower and to drive 
the air turbines 


P„ = outside air pressure 
P, = average inside air pressure 
R = air gas constant 
To = outside air absolute temperature 
Ti = average inside air absolute temperature 
H = height of tower 
g = acceleration of gravity 
gc = conversion factor 

A variation of the above system is one proposed by.P. Carlson of California. The 
interior air in a very tall lower would be cooled by pumping water to the top. The 
water evaporates in the low-pressure air there, causing a downward flow of the cooled 
air. The driving pressure is obtained from Eq. (14-46a) but with and PJTo in 
reversed positions. They are to be calculated in a manner similar to that for wet cooling 
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I ■ — _l< Figure 14-27 The Carlson acroclcctric tower (ASME.) 

towers (Sec. 7-5). A conceptual design of such a plant called for a 1.5-mi-high, 900- 
ft-diameter tower located in a hot desert and 10 wind turbines surrounding the tower 
periphery at the bottom producing 2500 MW (Fig. 14-27). 


PROBLEMS 

14-1 A 27 mi/h wind at 14.65 psia and TOT enters a turbine wheel that has a 1000-ft^ cross-sectional area. 
Calculate la) the power of the incoming wind, (h) the theoretical maximum attainable turbine power, (c) 
a reasonably attainable turbine power, all in horsepower and kilowatts, (cf) the torque, and (e) the axial 
thrust, in pound force, if the turbine wheel rotates at 30 r/min. 

14-2 Consider two cases; (/) a constant wind velocity twice the mean velocity and operating half the time, 
and ((/) a constant wind velocity three times the same mean velocity operating one third of the time. At all 
other times the wind velocity is zero. Determine for each case (a) the ratio of total energy in the wind to 
that if it operated continuously at the mean velocity, and (b) the mean energy velocity as a function of the 
mean velocity. 

14-3 A 15-fi-diameter wind turbine operates in 25 fl/s wind at 1 atm and 60T. The turbine is used to pump 
60°F water from a 30-ft-deep well. How much water is pumped, in cubic feet per day, if the overall efficiency 
of the wind-turbine-pump system is 0.25? 

14-4 A wind turbine with a diameter of 100 ft operates during a 24-h period in which the wind velocity 
may be approximated by half a sine wave as V(0) = sin ('n-ft'24), where 6 is time in hours and Vm = 
10’ fi/h The wind density is 0.076 lb„yftV Calculate (a) the theoretical maximum turbine energy during 
that 24-h period, in foot-pound force and kilowatt hours, and (b) the wind mean energy velocity, in feet 
per hour. 

14-5 Consider a wind velocity pattern during a 24-h period in which the wind velocity increased steadily 
and linearly from zero to 48 ft/s. TTie wind density is 0.0768 lb„yft^. A 200-ft-diamelcr wind turbine operates 
in that wind with cut-in, rating, and cut-out wind velocities of 12, 24, and 42 ft/s, respectively. The turbine- 
generator overall efficiency is aasumed, for simplicity, constant at 0.25. Calculate (a) the power generated 
during the day, in kilowan hours, and (b) the wind mean energy velocity, in feet per second. 

14-6 A wind at 1 atm and 62.4T had a velocity paitcrn during one day that could be approximated by half 
a sine wave with an amplitude of 1.1 x lO’ ft/h. A lOO-ft-diametcr wind turbine with a cut-in, rated, and 
cut-oui velocities of 4.0 x 10*. 8.0 x 10*, and 1.2 x lO’ ft/h, respectively, operated in that wind. 
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Calculate (a) the energy generated, in kilowatt hours during that day, if the overall efficiency of the turbine 
generator is 0.34, and (b) the wind mean energy velocity, in feet per hour. 

14-7 A wind at 14.5 psia and 55“F had a velocity pattern during one day that followed a full sinusoidal 
wave with a mean velocity of 20 mi/h and an amplitude of 10 mi/h. A wind turbine with a 30,000-ft^ area 
operated in that wind. Calculate for that day (a) the total energy of the wind, (b) the theoretical maximum 
energy developed by the turbine, (c) the theoretical maximum energy developed by the turbine if the wind 
had a constant velocity at the mean value, (t/) a reasonably attainable turbine energy in the actual wind 
all in foot-pound force and kilowatt hours, and (e) the wind mean energy velocity, in miles per hour 
14-8 Repeat Prob. 14-7, but assume that the wind turbine had cut-in and cut-out velocities of 8 and 20 
mi/h, respectively, and was not flat-rated. 

14-9 Two wind patterns follow the Weibull distribution model. One has a mean wind velocity of 12 m/s, 
the other 8 m/s Calculate the percent of time that each exceeds a velocity of 10 m/s. 

14-10 A wind pattern that follows the Weibull distribution model has a reference mean velocity 10 
m/s. Consider a wind turbine that has cut-in, rated, and cut-out velocities of 4,97, 8.84, and 16.29 
m/s, respectively, all at the reference height above ground of 9.1 m. Calculate for the reference height (a) 
the turbine availability factor, (b) the percent time it operates below rated capacity, and (c) the percent time 
it operates at rated capacity. 

14-11 Repeat Prob. 14-10 but for a wind turbine with a hub 50 m above ground. 

14-12 Wind at 1 bar and 20°C has a velocity of 15 m/s, measured at the reference height above ground of 
9.1 m (30 ft). Calculate (a) the power density in the wind at the reference height. Estimate (b) the power 
density at the hub of a large 60-m-diameter wind turbine, 60 m above ground, (c) the maximum theoretical 
power delivered by the turbine, and (d) a reasonably attainable power by the turbine generator if the latter 
has an efficiency of 94.2 percent, all in watts per square meter, 

14-13 A 30-m-long 2-m-diameter cylinder rotates at 120 r/min in a 10 m/s wind that is at 1 atm and I5T 
Calculate (a) the ideal and actual lift forces, in newtons, (b) the ideal and actual drag forces, in newtons, 
and (c) the positions of the stagnation points. 

14-14 A Madaras rotor wind machine consists of 14 vertical cylinders such as the one described in Prob. 
14-13, Assume for simplicity that the wind at 1 atm and 15'“C is at standstill and that the cylinders move 
around a 220*ni-diameter track at 10 m/s circumferential velocity. Calculate (a) the magnitude, in newton.s, 
and direction of the resultant force on each cylinder with respect to the direction of mo'-on, (b) the maximum 
power generated by one cylinder, in kilowatts, (c) the power of the entire machine if it takes each cylinder 
5 percent of the travel distance to change its direction of rotation (ignore the power produced during that 
change), and (d) the energy produced by the machine during one complete circle, in kilowatt hours. 

14-15 An aeroelectric wind jxiwerplant with turbines on top has a 1.5-mi-high tower. The outside air is at 
1 atm and 60°F The inside air is at an average temperature of 160T The tower diameter is very large so 
that only 2.5 percent of the driving pressure goes to overcome fnctional and other losses in it. The balance 
drives the turbines. Calculate (a) the total pressure drop in the tower, in pounds per square inch, and (h) 
the power produced by the turbines, in watts, per unit air volume flow rale, in cubic feet per hour, if they 
have an overall efficiency of 0 75 

14-16 A Carlson aeroelectric wind powerplant has a 1.5-mi-high tower. The outside air is at 1 atm, 60°F. 
and 20 percent relative humidity. Water is injected at top so that the air becomes saturated. The process is 
one of evaporative cooling which is a constant wet-bulb temperature process. Calculate (a) the driving 
pressure on the turbines, in pounds per square inch, and (b) the power produced by the turbines, in watts, 
per unit air volume flow rate, in cubic feet per hour, if they have an overall efficiency of 0.75. Ignore 
pressure losses in tower. 



CHAPTER 

_ FIFTEEN 

ENERGY FROM THE OCEANS 


15-1 INTRODUCTION 

Solar energy, which may be used directly (Chap. 13), creates other forms of energy 
that can also be harnessed to generate power. One, the wind, is caused by the uneven 
solar heating and cooling of the earth’s crust combined with the rotation of the earth 
(Chap. 14). Another is the result of the absorption by the seas and oceans of solar 
radiation, which causes, like the wind, ocean currents and mtxlerate temperature 
gradients from the water surface downward, especially in tropical waters. The oceans 
and seas constitute some 70 percent of the earth’s surface area, so they represent a 
rather large storage reservoir of the solar input. 

The temperature gradient can be utilized in a heat engine to generate power. This 
is called ocean temperature energy conversion (OTEC). OTEC may be considered 
solar energy once removed. Because the temperature difference is small, even in the 
tropics, OTEC systems have very low efficiencies and consequently have very high 
capital costs. 

The wind, whose energy is also solar energy once removed, generates large ocean 
waves with energies that can be used to generate power. Ocean-wave energy thus is 
said to be solar energy twice removed. Ocean waves, unfortunately, vary widely with 
time and place in amplitude and frequency, and hence in their energies, much like the 
wind that causes them. There are, however, areas in the world where energetic waves 
persist a good deal of the time. Such waves have been considered for power generation 
a wide variety of ingeneous means. 

A third form of energy that emanates from the sun-ocean system stems from the 
mechanism of surface water evaporation by solar heating. This forms clouds that 
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condense into rains. Part of that rain falls over land, which causes river flows, which 
may be trapped i)ehind dams to even out the variations in these river flows and thus 
become the source of either low-head (river) or high-head (dam) hydroelectric energy. 
Hydroelectricity accounts for some 25 percent of the world’s total electricity capacity. 
Some countries, such as Norway, Switzerland, and Canada, because of favorable 
topographies and rainfall, far exceed this average. In the United States, the percentage 
was 15 percent in the 1970s, going down to some 10 percent in the 1980s. Hydroelec¬ 
tricity used to account for much more than these percentages in the nineteenth century, 
but the advent of cheap coal and steam powerplants, and the lack of additional favorable 
hydro sites, caused a decline in its use. Many small river hydroelectric plants were 
abandoned. With the coming of the energy crisis of the 1970s, interest was renewed 
in these small plants to supplement input to power grids. 

A fourth major, though different, source of energy in the oceans that can be 
exploited for power generation is the tides. Tides are primarily caused by lunar, and 
only secondarily by solar, gravitational forces acting together with those of the earth 
on the ocean waters to create tidal flows. These manifest themselves in the rise and 
fall of waters with ranges (height differences) that vary daily and seasonally and come 
at different times from day to day. They also vary widely from place to place, being 
as low as a few centimeters but may exceed 8 to 10 m (25 to 30 ft) in some parts of 
the world. The potential energy of the tides can be trapped to generate power, but at 
extremely high capital costs. 

In this chapter, power production from the energies associated with the ocean 
temperature difference (OTEC), the waves, and the tides will be discussed. Hydroelec¬ 
tric power is a major topic in its own right and deserves a separate course of study. 
The interested reader is advised to consult the many books that are devoted to it. See, 
for example, the Handbook of Applied Hydraulics [141]. 


15-2 OCEAN TEMPERATURE DIFFERENCES 

As the seas and oceans of the earth constitute about 70 percent of its surface area, the 
total terrestrial solar-energy incidence on them is immense, being equal to the total 
extraterrestrial solar energy received by the earth, which is about 1.516 x 10'^ kWh/ 
year, or about 5.457 x 10** MJ/year, times an average clearness index of 0.5 (See. 
13-14), times the fraction of the area 0.7 or about 0.53 x 10** kWh/year, or 1.9 x 10** 
MJ/year. This corresponds to an average terrestrial incidence on the waters of the solar 
constant 5 = 1353 W/m^ x 0.5 = 676 W/m^. This energy is not totally absorbed 
by the water because some of it is reflected back to the sky. A good estimate of the 
amount absorbed is obtained from the annual evaporation, which averages 120 cm (or 
120 emVem^, or 1.20 mVm^).* At an average water surface temperature of 20°C 
(68®F), the latent heat of vaporization is 2454 kJ/kg and the sea water density is a 
little over 1000 kg/m^. The annual energy absorbed would therefore be 
1.20 X 1000 X 2454, or about 3 x lO^kJ/m^ per year, which is equivalent to about 


This amount is, of course, replenished by rainfall back on the water and by runoff from land 
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95 w/m^ or about 14 percent of the incidence. This figure varies, being a little higher 
than 100 W/m^ in the tropics to much less in arctic waters. 

Solar-energy absorption by the water takes place according to Lambert's law of 
absorption, which states that each layer of equal thickness absorbs the same fraction 
of light that goes through it. In other words 


or 



l(y) =loe-^^ 


(15-1) 


where f, and I(y) are the intensities of radiation at the surface (y = 0) and at a distance 
V below the surface, fj. is an extinction coefficient (also called absorption coefficient) 
that has the unit length '. ^L has values of 0.05 m ' for very clear fresh water, 0.27 
m ' for turbid fresh water, and 0.50 m~' for very salty water. Thus the intensity falls 
exponentially with depth and, depending upon pL, almost all of the absorption occurs 
very close to the surface of deep waters. Because of heat and mass transfer at the 
surface itself, the maximum temperatures occur just below the surface. 

Considering deep waters in general, the high temperatures are at the surface, 
whereas deep water remains cool. In the tropics, the ocean surface temperature often 
exceeds (77°F), while 1 km below the temperature is usually no higher than 
10°C (50°F). Water density decreases with an increase in temperature (above 3.98°C, 
where pure water’s density is maximum, decreasing again below this temperature, the 
reason ice floats). Thus there will be no thermal convection currents between the 
wanner, lighter water at the top and the deep cooler, heavier water. Thermal conduction 
heat transfer between them, across the large depths, is too low to alter this picture, 
and thus mixing is retarded, so the warm water stays at the top and the cool water 
stays at the bottom. 

It is said, therefore, that in tropical waters there are two essentially infinite heat 
reservoirs, a heat source at the surface at about 27°C (81°F) and a heat sink, some 1 
km directly below, at about 4°C (39°F); both reservoirs are maintained annually by 
solar incidence. 

The concept of ocean temperature energy conversion (OTEC) is based on the 
utilization of this temperature difference in a heat engine to generate power, a concept 
first recognized by the Frenchman d’Arsonval in 1881. The maximum temperature 
difference on earth is in the tropics and is about 15°C (59°F). Ocean currents carry 
the 27 to 28°C warm tropical surface waters on a journey to the arctic circles during 
which they are gradually cooled to 4°C and maximum density (Fig. 15-1). In the arctic 
circle they then settle below the surface, and a surface-deep water siphon is created 
that keeps cold water below the surface. 

The surface temperatures (and temperature differences) vary both with latitude 
and season (Fig. 15-2), both being maximum in tropical, subtropical, and equatorial 
waters, i,e., between the two tropics, making these waters the most suitable for OTEC 
systems [143]. 

The claims for OTEC systems are just as grandiose as those for most other 
renewable energy systems. For example, it is said that the Gulf stream is known to 
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Figure 15-1 (a) Ocean-water movement in the northern hemisphere, {b) Measured water temperatures at 
various stations and depths in the Straits of Rorida [142]. 


carry some 30 to 40 million mVs of near tropical sea water through the Gulf of Florida, 
flowing in a path about 32-km (20-mi) wide. Within 8(X) km (500 mi) of that path, 
the temperature differences between surface and deep waters varies between 22°C 
(40®F) and 15°C (27°F). Assuming a practical conversion efficiency of 2 percent 
(below), the Gulf stream represents an annual power potential of 700 x 10*^ kWh. 
An array of conversion plants moored on 1-mi (1.6-km) spacings along the length and 
breadth of that path would be capable of an annual 26 x 10'^ kWh. Such are the 
claims for OTEC, but as we will soon learn, practical and financial problems effectively 
preclude such dreams. 

The maximum possible efficiency of a heat engine operating between two tem¬ 
perature limits cannot exceed that of a Carnot cycle operating between the same 
temperature limits. For heat source and sink temperatures, and Tj, the Carnot 
efficiency t)c is 



Figure 15-2 Ocean surface temperature as a function of (a) latitude and (b) the seasons, in tropical waters 
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T, - T. 

Vc = —^ (15-2) 

It is thus important to have a large temperature difference T, - T 2 . In OTEC systems 
this may average 20°C (68°F) compared with about 5(X)°C (932°F) for modem fossil 
powerplants. Taking the temperature difference of 20°C and a surface temperature of 
2TC, the Carnot efficiency would be 

Vc = —= 0.0667 = 6.67% 

Thus for 27°C (300 K) surface temperature an OTEC system can have no efficiency 
greater than A7'/300 or 1/3 AT percent, where AT is the difference between surface 
and deep waters. Because of tempierature drops in steam or other vapor generator and 
condenser in an actual system (external irreversibilities, Chap. 1), inefficiencies in 
turbine and pumps, pressure drops of the large volumes of water and working fluid 
flows (internal irreversibilities), and inefficiencies of other components, the efficiency 
of a real OTEC powerplant seldom exceeds 2 p>ercent. 

The extremely low efficiency of an OTEC system implies extremely large pow¬ 
erplant heat exchangers and components. At 2 percent efficiency the heat exchangers 
must handle 50 times the net output of the plant. Although there are no fuel costs, 
the capital costs are extremely high and so are the unit capital costs, $/kW. In addition 
to the large size per unit power generation, the developmental problems and the 
uncertainties of market penetration make the financial risks associated with the de¬ 
velopment of large OTEC technologies so high as to effectively preclude most utilities. 
(The same can be said for other ocean energy systems, as well as most solar-electric 
systems, especially the solar satellite system, Sec. 13-20). 

There are two basic designs for OTEC systems: the open cycle, also known as 
the Claude cycle, and the closed cycle, also known as the Anderson cycle. These are 
covered in the next two sections. 


15-3 THE OPEN, OR CLAUDE, CYCLE 

The first OTEC plant to be constructed was built by the Frenchman Georges Claude 
in 1929 on the Mantanzas Bay in Cuba 1144). It used the warm waters of the Gulf 
Stream as a heat source and a submarine cliff adjacent to the bay that descends nearly 
vertically to depths of 100 to 200 m as the heat sink. The warm surface water was at 
25°C (77°F). The cold water, at 1 rc (51.8°F), was tapped by a 2-km-long, 2-m- 
diameter pipe that weighed 400 tons. The laying of the cold-water pip^was the most 
difficult part of the construction; two such pipes were lost before a third was successfully 
installed. 

The Claude plant used an open cycle (also called the Claude cycle) in which 
seawater itself plays the multiple role of heat source, working fluid, coolant, and heat 
sink. Schematic flow and corresponding T-s diagrams are shown in Figs. 15-3 and 
15-4, respectively. 



Temperature 
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Vacuum 



water 1 1°C 

Figure 15-3 Flow diagram and schematic of a Claude (open-cycle) OTEC powerplant, 


In the cycle shown warm surface water at 2TC (80.6T) is admitted into an 
evaporator in which the pressure is maintained at a value slightly below the saturation 
pressure corresponding to that water temperature. Water entering the evaporator, there¬ 
fore, finds itself “superheated” at the new pressure. For example, in Fig. 15-4, the 
warm water at 2TC has a saturation pressure of 0.0356 bar (0.517 psia), point 1. The 



Flgve 15-4 T-s diagram corresponding to Fig 15-3. 
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evaporator pressure is 0.0317 bar (0.459 psia). which corresponds to 25°C (7T*F) 
saturation temperature. This temporarily superheated water undergoes volume boiling 
(as oppKJsed to pool boiling, which takes place in conventional boilers due to an 
immersed heating surface), causing that water to partially flash to steam to an equi¬ 
librium two-phase condition at the new pressure and temperature of 0.0317 bar and 
25°C, point 2. Process 1-2 is a throttling and hence constant enthalpy process. The 
low pressure in the evaporator is maintained by a vacuum pump that also removes the 
dissolved noncondensable gases from the evaporator. 

The evaporator now contains a mixture of water and steam of very low quality 
at 2. The steam is separated from the water as saturated vapor at 3. The remaining 
water is saturated at 4 and is discharged as brine back to the ocean. The steam at 3 
is, by conventional powerplant standards, a very low-pressure, very high specific- 
volume working fluid (0.0317 bar, 43.40 mVkg, compared to about 160 bar, 0.021 
mVkg for modem fossil powerplants). It expands in a specially designed turbine that 
can handle such conditions to 5. In Fig. 15-4, the condenser pressure and temperature 
at 5 are 0.017 bar (0.247 psia) and 15°C (59°F). Since the turbine exhaust system will 
be discharged back to the ocean in the open cycle, a direct-contact condenser (Sec. 
6-2) is used, in which the exhaust at 5 is mixed with cold water from the deep cold- 
water pipe at 6, which results in a near-saturated water at 7. That water is now 
discharged to the ocean. 

The cooling water reaching the condenser at 13®C is obtained from deep water at 
irc (5l.8°F). This rise in temperature is caused by heat transfer between the pro¬ 
gressively warmer outside water and the cooling water inside the pipe as it ascends 
the cold-water pipe. In Claude’s first plant, that pipe was oversized to minimize this 
heat transfer and carried some 4000 m Vh of water of which only 10 percent was needed 
for actual cooling. 

There are thus three temperature differences, all about 2®C: one between warm 
surface water and working steam, one between exhaust steam and cooling water, and 
one between cooling water reaching the condenser and deep water. These represent 
external irreversibilities that reduce the overall tempierature difference between heat 
source and sink from 27 — 11 = 16°C (28.8°F) to 25 — 15 = 10°C (18°F) as the 
temperature difference available for cycle work. It is obvious that because of the very 
low temperature differences available to produce work, the external differences must 
be kept to absolute minimum to realize as high an efficiency as possible. Such a 
necessary approach, unfortunately, also results in very large warm and cold water 
flows and hence pumping power, as well as large heavy cold water pip)es. 

Example 15-1 A Claude cycle producing 100 kW (gross) operates on the con¬ 
ditions of Fig. 14-4. The turbine has a polytropic efficiency of 0.80 and the 
turbine-generator has a combined mechanical-electrical efficiency of 0.90. Cal¬ 
culate the surface and deep-water flow rates in kg/s and m^/s, and the gross cycle 
and plant efficiencies. 

Solution Use the low-temperature steam data (in SI units) shown in Table 15- 
1 (from App. A). 
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Table 15-1 Saturated steam data at low temperatures (SI units) 


Temp., 

“C 

Pressure 

Specific volume, 
m^/kg 

Enthalpy, kJ/kg 

Entropy, kJ/(kg 

K) 

bar 

psia 









13 

0.01497 

0.2171 

0.0010007 

88.18 

54.60 

2470 

2525 

0.1952 

8.6324 

8.8276 

15 

0.01704 

0.2471 

0.0010010 

77.97 

62.97 

2465 

2528 

0.2244 

8.5562 

8.7806 

25 

0.03166 

0.4592 

0 0010030 

43.40 

104.8 

2442 

2547 

0.3672 

8.1898 

8.5570 

27 

0.03564 

0.5169 

0.0010036 

38.82 

113-2 

2437 

2550 

0.3951 

8.11% 

8.5147 


The evaporator 

/i, = hf^ilTC = 113-2 kJ/kg v, = 0.0010036 m'/kg 
^2 = ^1 = 113.2 = (/i/ + at 25°C 
= 104.8 + JC2 X 2442 

Therefore 

-r. = 0.00344, or 0.344% 

Warm water mass-flow rate per unit turbine mass-flow rate 


m 3 m 3 X 2 0.00344 


The turbine 

at 25T = 2550 kJ/kg, J 3 = 8.5570 kJ/(kg K) 
For an adiabatic reversible turbine, the expansion is to 5^ 

53 , = J 3 = 8.5570 = {Sf -f jS/^) at 15°C 

- 0.2244 + T 5 .. X 8.5562 

Therefore 


X 5 ., = 0.9739, or 97.39% 

/J3,s = (hjr -h Xy^fg) at 15°C = 62.97 -f 0.9739 x 2465 = 2463.6 W/kg 
Adiabatic reversible turbine work = hj - h^ j = 2550 - 2463.6 

= 86.4 kJ/kg 

Actual turbine work wj = 86.4 x polytropic efficiency 


= 86.4 X 0.8 
= 69.1 kJ/kg 
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hi = - actual work = 2550 - 69.1 = 2480.9 kJ/kg 

at which = 0.9809 or 98.09% and = 76.48 m^/kg 

Turbogenerator output = 69.1 x 0.88 = 60.8 kJ/kg 

The condenser 

/if at 13“C = 54.60 kJ/kg V6 = 0.0010007 m^/kg 
/i 7 = /i/at 15‘’C = 62.97 kJ/kg 


Cold water mass-flow rate per unit turbine mass-flow rate 
hi - h, 2480.9 - 62.97 


" /i7 - /i6 62.97 - 54.60 


= 288.9 


The cycle 


Turbine mass-flow rate Mr = 


turbine work 100 


Wt 69.1 

= 1.447 kg/s 

Turbine volume flow rate at throttle = = 1.447 x 43.40 

= 62.8 m^/s 

Turbine volume flow rate at exhaust = Mt '^5 = 1.447 x 76.48 

= 110.7 m^/s 

Warm-water mass-flow rate = 1.447 x 290.7 

= 420.6 kg/s 

Warm-water volume flow rate = 420.6 x 0.0010036 

= 0.422 mVs 

Cold-water mass-flow rate = 1.447 x 288.9 

= 418 .0 kg/s 

Cold-water volume flow rate V,- = Mc^t ~ 418.0 x 0.0010007 

= 0.418 m^/s 

Wt hi — hi 69.1 
Gross cycle efficiency = — = - 2487 

= 0.0278 = 2.78% 
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Gross plant efficiency = 0.0278 x 0.9 = 0.0250 
= 2.5% 

Note: The gross plant power, 100 kW, and the gross plant efficiency, 2.5 
percent, do not take into account pumping and other auxiliary power inputs to 
the plant. 

It can be seen that very large ocean-water mass and volume flow rates are used 
in open OTEC systems and that the turbine is a very low-pressure unit that receives 
steam with specific volumes more than 2000 times that in a modem fossil powerplant. 
Thus the turbine resembles the few last exhaust stages of a conventional turbine and 
is thus physically large 

Another attempt at building a Claude-type powerplant was undertaken by the 
French corporation Energie Electrique de la Cote d’Ivoire at Abidjan in the Ivory 
Coast, Africa, in the 1950s. The plans were for a 7000-kW plant operating on a 
temperature difference of 20°C (36°F). The cold-water pipe was 2.4 m in diameter 
and extended to a depth of about 4.8 km at about 5 km from the shore. In actual 
operation about a quarter of the plant’s gross output was used to drive the various 
accessories. Full output was never realized because of maintenance difficulties on the 
cold-water pipeline. 


154 MODIFICATIONS OF THE OPEN OTEC CYCLE 

Improvements and modifications of the Claude cycle have been proposed in an attempt 
to change it into an economically viable system. The attempts focused mainly on two 
areas; a different, more efficient type of evaporator, called the controlled flash evap^ 
orator, and the use of the plant for the cogeneration of electncity and Fresh water 


The Controlled Flash Evaporator 

The principle of controlled flash evaporator (CFE) [145] has been successfully used 
for the production of pure boiler feedwater from healed condenser cooling seawater 
in a conventional powerplant, as well as for the production of fresh water from hot 
tropical seawater. 

In the volume-boiling flash evaporator used in the early cycle, the water violently 
flashes upon depressurization. Bubbles of vapor emanate from the turbulent surface 
carrying with them some entrained saltwater, which increases the corrosion problem 
This may be alleviated by adding demisters (which entrap the brine droplets) but at 
the expense of further pressure and temperature drop. 

A controlled flash evaporator, by contrast, has the warm seawater (called brine) 
descend by gravity in thin films, about 1 mm thick, in a quiescent manner down chutes 
A typical CFE chamber is a vertical structure, 2.5 m (~8 ft) or more in height, that 
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contains a large number of such vertical parallel chutes. The water film, on both sides 
of the chutes, vaporizes without the violent processes of bubble formation and bursting 
that occur in a conventional evaporator. Pure vapor, devoid of entrained solids, em¬ 
anates from the films and increases in mass and volume flows as it progresses down¬ 
ward. Because of energy transfer caused by the evaporative process, both brine and 
vapor progressively cool down as they descend down the chutes. The pure low-pressure 
steam is then admitted to the turbine, where it expands to the condenser (Fig 15-5), 

A minimum of deaeration is required in a CFE because no violent release of 
noncondensable gases takes place. Deaeration is accomplished by an “ingestor” that 
operates on a principle similar to that of a steam-jet air ejector SJAE (Sec. 6-3) except 
that low pressure is obtained by a liquid jet aspirator that uses cooled brine from the 
chute exit for its liquid. The noncondensables and the liquid leave the ingestor via a 
barometric leg (diffuser), and the gases come out of solution upon discharge to at¬ 
mospheric pressure. 

The high quality of the vapor going through the turbine from the CFE is well 
suited to electrical and fresh-water cogeneration (described below). 


Ingestor 



15-5 Schematic of an open cycle with both controlled-flash evaporator and a surface condenser for 
the cogeneration of electricity and fresh water 
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Electrical and Fresh-Water Cogeneration 

Here a shell-and-tube or plate-type surface condenser is used in the plant instead of 
the direct-contact condenser used in the Claude cycle. The deep cold water is pumped 
through the tubes or on one side of the plates of the surface condenser and is discharged 
back to the ocean without mixing with the turbine exhaust steam (Fig. 15-5). The 
turbine exhaust becomes a fresh-water condensate. It can be pumped to atmospheric 
pressure and used as fresh water for various uses. When combined with a controlled 
flash evaporator, the quality of the condensate is so high as to meet standards for 
potable water with a salt content between 1 and 5 ppm. 

A disadvantage of the surface condenser, however, is that it is less effective than 
a direct-contact condenser and thus operates at a slightly higher turbine exhaust tem¬ 
perature (and therefore pressure), which results in a slight reduction in net cycle work 
and efficiency. 

The plant shown in Fig. 15-5 shows turbine inlet at 0.4177 psia (0.0288 bar) and 
73°F (22.8°C) and exhaust at 0.25611 psia (0.0177 bar) and 60T (15.6T). If fresh 
water were not desired, a direct-contact condenser could have been used with turbine 
exhaust at perhaps 0.2330 psia (0.0161 bar) and 57°F (13.9T), and a higher plant 
efficiency and output. 

Other ideas for use with the open cycle involve using the deep water after it has 
been brought up to the surface and passed through the condenser. Such water, rich in 
nutrients because it contains the remains of the organisms that primarily live in the 
sunny water layers near the surface, can then be used after being warmed up in the 
condenser as a food source for marine life in surface sea farms (mariculture). 


15-5 THE CLOSED, OR ANDERSON, OTEC CYCLE 

Although the first attempt at producing power from ocean temperature differences was 
the open cycle of Georges Claude in 1929, d’Arsonval’s original concept in 1881 was 
that of a closed cycle that also utilizes the ocean’s warm surface and cool deep waters 
as heat source and sink, respectively, but requires a separate working fluid that receives 
and rejects heat to the source and sink via heat exchangers (boiler and surface con¬ 
denser) (Fig. 15-6). 

The working fluid may be ammonia, propane, or a Freon. The operating (satu¬ 
ration) pressures of such fluids at the boiler and condenser temperatures are much 
higher than those of water, being roughly 10 bar at the boiler, and their specific 
volumes are much lower, being comparable to those of steam in conventional pow- 
erplants (Table 15-2). (See also the Appendix.) 

Such pressures and specific volumes result in turbines that are much smaller and 
hence less costly than those that use the low-pressure steam of the open cycle. The 
closed cycle also avoids the problems of the evaporator. It, however, requires the use 
of very large heat exchangers (boiler and condenser) because, for an efficiency of 
about 2 percent, the amounts of heat added and rejected are 50 times the output of 
the plant. In addition, the temperature differences in the boiler and condenser must 
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Surface wafer Cool deep 

discharge water 


Figure 15-6 Schematic of a closed-cycle OTEC powerplanl. 


be kept as low as possible to allow for the maximum possible temperature difference 
across the turbine, which also contributes to the large surfaces of these units. 

The closed-cycle approach was first proposed by Barjot in 1926, but the most 
recent design was by Anderson and Anderson in the 1960s [146]. The closed cycle is 
sometimes referred to as the Anderson cycle. The Andersons chose propane as the 
working fluid with a 20°C (36°F) temperature difference between warm surface and 
cool water, the latter some 600 m (—2000 ft) deep. Propane is vaporized in the boiler 
at 10 bar (145 psia) or more and exhausted in the condenser at about 5 bar. 

In order to minimize the mass and the amount of material (and hence cost) used 
to manufacture the immensely large heat exchangers, the Anderson OTEC system 
employs thin plate-type heat exchangers instead of the usual heavier and more expensive 
shell-and-tube heat exchangers. To help reduce the thickness of the plates, the heat 
exchangers are placed at depths where the static pressure of the water in either ex¬ 
changer roughly equals the pressure of the working fluid. Thus if propane is the working 
fluid in the boiler at 80°F (26.7°C) and 143.6 psia (9.9 bar) (Table 15-2), the boiler 


Table 15-2 Comparison of saturation pressures and specific 
volumes of four fluids at low temperatures 


Fluid 

Saturation pressure, 
psia 


Specific volume, ft^/lb„ 


40°F 

80°F 

> 

'/ 



40^ 

80°F 

40*’F 

80^ 

Steam 

0.1216 

0.5068 

0.01602 

0.01607 

2.4458 

633.3 

Ammonia 

73.32 

153,0 

0.02533 

0.0267 

3.971 

1,955 

Propane 

77.80 

143 6 

0.03055 

0.0327 

1.330 

0.745 

Freon -12 

51.68 

98.76 

0.0II6 

0.0123 

0.792 

0.425 

Steam 


Supeiiieated at 2400 psia and lOGOT, 

= 0.321 
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Figure 15-7 Closed-cycle floating poweq^lant [142]. 


would be placed at a depth of (gfgj 143.6 x 144/64 === 325 ft (—100 m),* where 64 
is the average density of seawater in Ib^ft.^ The condenser, on the other hand, if 
operatingai4(fF(14.4°C)and77.8psia(5.36bar), wouldbeplaccdat(g/gj77.8 x 144/ 
64 175 ft (=53 m). In other words the powcrplant would be designed so that it 

would be mostly submerged and anchored so that the condenser would actually be 
higher than the boiler. The turbine, pumps, storage Uuiks, compressors, and other 
plant equipment would be placed at intermediate decks. Figure 15-7 shows such a 
floating plant. Note the arrangement by which the condenser (4) receives cool water 
from the cold-water pipe (1). That pipe extends 2000 ft (—610 m) below the surface. 
The condenser is placed above the boiler (7), which receives warm surface water from 
a buoyantly supported surface inlet pipe (5). Note also the decompression chambers 


1 bar is roughly equivalent to 10 m of seawater head. 
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required for operating and maintenance personnel. The inset in the figure shows the 
pro|X>scd design of the plate-tyj)e heat exchangers. The plant design was based on a 
20°C (36®F) warm-cold-water temperature difference and propane as the working fluid. 
Roughly 14 percent of the gross power is expected to be consumed internally. The 
size of the plant is gigantic indeed. 


15^ RECENT OTEC DEVELOPMENTS 

Problems facing commercial development of OTEC systems are legion. Some, like 
the low temperature differences and evaporator problems, have already been discussed. 
In addition, for open systems, turbines capable of generating 10 MW or more using 
low-pressure steam are yet to be developed. For closed systems, heat exchangers much 
larger than any that have been built must be designed and built. For all systems, pumps 
capable of handling larger amounts of water than any developed so far have to be 
developed. It is said that a relatively small-output (by nxxlem powerplant standards) 
OTEC plant producing 100 MW would have a water flow comparable to that going 
through Boulder Dam. Long (^1 km), large-diameter (up to 30 m) cold-water pipes, 
larger than ever made, have to be designed, fabricated, and installed. The whole plant 
has to be stationed and moored at depths at which no vessel has ever been before. 
The deployment of the electrical cable required to carry the p)ower to shore must be 
carefully done because it would be subjected to severe stresses from its own weight 
as well as from ocean currents and eddies. 

In addition, an OTEC powerplant will have to be capable of withstanding severe 
ocean storms over its lifetime, corrosion by seawater salts, erosion due to large volume 
flows, biofouling due to algae growth, and encrustation by various marine life such 
as barnacles. 

Because commercial-size OTEC systems are very large and suffer from various 
problems when placed in a stationary position, recent OTEC demonstration plants 
have instead concentrated on small-scale plants and used an OTEC plant ship concept. 
In this concept, the plant is built on or as part of a specially designed ship. A so- 
called grazing plant ship would move at low speed (about 0.5 knots) in search of the 
warmest surface water. The electricity generated must then be used on board to power 
manufacturing of energy-intensive products like aluminum, magnesium, nickel, var¬ 
ious alloys, semiconductors, etc., for deep sea bed mining of such minerals as man¬ 
ganese, cobalt, and nickel, or for chemical processing of products such as ammonia. 

The continental United States has a relatively small ratio of coastal to inland areas 
and relatively limited v arm-water resources. Few commercial electric utilities have 
therefore shown interest in OTEC, and it fell to the federal government to undertake 
research and development in this field. The case for OTEC is more promising for 
islands that have low population densities, that are dependent upon imported fossil 
fuels for generating electricity, and that have relatively large warm-water resources in 
relation to their energy needs. The U.S. Department of Energy (DOE) has therefore 
aimed its first efforts at such islands as Hawaii, Puerto Rico, the Virgin Islands, Guam, 
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American Samoa, and others. The federal OTEC program started in the early 197 Qjj 
as one of six options selected for investigation in an effort to reduce the United States* 
dependence on imported oil. 

The first result of the program was a test facility called OTEC-1, which \vas 
installed on a 26,000-ton converted tanker and operated in July 1980. The effort was 
funded by DOE and built by TRW, Inc., and Global Marine Development Company 
The ship was first moored 29 km (18 mi) off Kawaihae Harbor, Hawaii in 1220-m 
(4(XX)-ft) deep waters. OTEC-1 was a closed-cycle “heat exchanger” facility without 
turbine or electrical generator. Its aims were to test heat-exchanger design and per¬ 
formance and evaluate the extents of corrosion and biofouling. It contained a 1-MW 
titanium shell-and-tube heat exchanger designed to simulate a larger 10-MW unit. It 
had three cold-water pipes 853 m (2800 ft) long and 1.2 m (4 ft) diameter each. 
OTEC-1, now retired, was to have been succeeded by a complete electric-generating 
system for operation in the mid-1980s. Federal funding, however, was withheld. 

The second U.S. demonstration, called Mini-OTEC, was a small $3 million 
electric-generating plant funded cooperatively by the State of Hawaii, Lockheed Missile 
and Space Company, Inc., Alfa-Laval Thermal, Inc., and the Dillington Corporation 
This plant was also housed in a ship, a converted U S. Navy scow, and was operated 
between August and November 1979 off Keahole Point, Hawaii. It included a titanium 
plate-type heat exchanger and one cold-water pipe 660 m (2170 ft) long and 0.6 m 
(2 ft) in diameter. It produced 50 kW of gross electric power but only between 12 
and 15 kW net. This performance was found to be close to design predictions. 

For the contiguous United States, only the Gulf of Mexico and the lower eastern 
coast of Florida are near waters that have sufficient temperature differences and that 
are close enough to land for ease of power transmission. Because of these limitations, 
the future of OTEC in the United States is uncertain at best. 

In the international arena, a number of countries have recently been active in 
OTEC research and development. These include Japan, France (which, of course, had 
been an early pioneer in the field via the Claude system), Sweden, West Germany, 
and the Netherlands. An interesting effort that may prove to be successful is a 100- 
kW land-based plant that the Pacific Ocean equatorial island nation of Nauru has 
contracted for with the Japanese. The hope is that with this and future larger units, 
Nauru might develop into a center for energy-intensive industries. 


15-7 OCEAN WAVES 

Like the wind (Chap. 14) and OTEC, ocean and sea waves are caused indirectly by 
solar energy. Waves are caused by the wind, which in turn is caused by the uneven 
solar heating and subsequent cooling of the earth’s crust and the rotation of the earth 
Wave energy at its most active, however, can (like wind energy) be much more 
concentrated than incident solar energy even at the latter’s peak. Devices that convert 
energy from waves can therefore produce much higher power densities than solar 
devices. 

This “harvesting” of energy from waves has been the subject of some of human- 
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kind’s wildest dreams for ages. However, it was the recent energy crisis that prompted 
senous attempts at harnessing the waves for the production of electricity. During the 
decade of the 1970s dozens of patents were filed to do this, though most are complicated 
and rather fragile in the face of the gigantic power of ocean storms. 

The main advantage of power from waves, like most of the so-called alternative 
energy sources, is a free and renewable energy source. In addition, wave-power 
devices, unlike solar or wind devices, do not use up large land masses, are relatively 
pollution free and, because they remove energy from the waves, leave the water in a 
relatively placid state in their wakes. Thus a string of devices situated, as they must, 
where there is a large amount of wave activity, can in addition to producing electricity 
protect coastlines from the destructive action of such waves, minimize erosion, and 
even help create artificial harbors. A concept of staggered array of devices has been 
proposed to do this. 

There are several disadvantages. Like most of the so-called alternative energy 
sources, waves lack dependability, and there is relative scarcity of accessible sites of 
large wave activity. In addition most devices that have been proposed are relatively 
complicated and lack the necessary mechanical strength to withstand the enormous 
power of stormy seas. Economic factors such as the capital investment, costs of 
maintenance, repair and replacement, as well as problems of biological growth of 
marine organisms, are all relatively unknown and seem to be on the large side. 

World sites that may be suitable include the Molakai and Alenuihaha channels in 
the Hawaiian islands, where 6 to 10-ft-high (crest to trough) waves are typical during 
normal trade wind periods, the Pacific coast of North America, the Arabian Sea off 
Pakistan and India, the North Atlantic coast of Scotland, the coast of New England, 
and others [147]. Figure 15-8 is a spectrum of wave heights and penods for the New 
England coast. It shows that waves 6 ft high or more with periods 6 s long or less 
occur about half the time. 


Wave height, ft 



f^lfure IS-^ Spectrum of wave heights and periods for the New England coast [147], 
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The basic mechanism of wave motion will be presented in the next section. The 
theory of energy conversion from waves will be presented in the following section 
These will be followed by sections describing a few selected wave-power devices 


15-8 WAVE MOTION 


A two-dimensional progressive wave that has a free surface and is acted upon by 
gravity (Fig. 15-9) is characterized by the following parameters: 

A = wavelength = ct, m or ft 

a = amplitude, m or ft 

2a = height (from crest to trough), m or ft 

T = period, s 

/ = frequency = l/r, s ' 

c = wave propagation velocity A/t, m/s or ft/s 

n = phase rate = IttIt, s ' 


The period t and wave velocity c depend upon the wavelength and the depth of water 
(Table 15-3 and Fig. 15-10). The range below the dashed line in the table represents 
the most common waves. 

The relationship between wavelength and period can therefore be well approxi¬ 
mated by 

A = 1.56t‘ (A in m, t in s) (15-3a) 

or A = 5.12t^ (A in ft, r in s) (15-3/?) 


Figure 15-9 shows an isometric of a two-dimensional progressive wave, repre¬ 
sented by the sinusoidal simple harmonic wave shown at time 0. Cross sections of the 
wave are also shown at time 0 and at time 6. That wave is expressed by 


or 


V = 


a sin 



y = a sin {mx — nO) 


(15-4tf) 

(15-4/?) 


where 


(mx 


y = height above its mean level, m or ft 
6 = time, s 
m = Ztt/A, m ' or fr' 

nd) = 27r(jc/A - dfr) = phase angle, dimensionless 


Note that the wave profile at time B has the same shape as that at time 0, except that 
it is displaced from it by a distance x - 6/t = 6 (nfm). When ^ = t, t = A and the 
wave profile assumes its original position. 
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Table 15-3 Wave periods, s* 


Water depth 

A. ft 



Wavelength, ft 


1 

10 

100 

1000 

10.000 

1 

0.442^'' 

^^1.873 

17.645 

176 33 

1763.30 

10 

0.442 

1.398 ^ 

"^^5.923 

55.80 

557.62 

100 

0.442 

1.398 

4.420'"^- 

^ 18.73 

176.45 

1000 

0.442 

1.398 

4.420 

13.98 

^^..^9,23 

10000 

0.442 

1.398 

4.420 

13.98 

44.20" 


* From Ref. 148. 


Although the wave motion is continually lateral, i.e., in the x direction with a 
speed of propagation c = A/t, the motion of water itself is not, although it deceptively 
appears to be so. In reality a given particle of water rotates in place in an elliptical 
path in the plane of wave propagation, with specified horizontal and vertical semiaxes, 
as can be witnessed when placing a cork on water. The paths of water particles at 
different depths but with the same mean position are shown in Fig. 15-11. The hor¬ 
izontal and vertical semiaxes of the ellipses are given, respectively, by [148, 149]. 


cosh mri 
sinh mh 


{\5-5a) 


and /3 = a 


sinh mj] 
sinh mh 


(15-5/7) 


where a = horizontal semiaxis 
/3 = vertical semiaxis 
h = depth of water 
Tf = distance from the bottom 

Equations (15-5) show that in general a > p, that /3 varies from 0 at the bottom 
where 17 = 0 to a. at the surface where rj = h, and that for large depths a - ~ 

and the motion is essentially circular at the surface. 

A wave therefore possesses both potential and kinetic energies. These arc evaluated 
in the next section. 


15-9 ENERGY AND POWER FROM WAVES 

The total energy of a wave is the sum of its potential and kinetic energies. 



e period r, s. and propagati'^n veloe 


X, m 

1 10 100 1,000 



Figure 15-10 Variation of wave period t and velocity c with wavelength A and depth. 



Figure 15-11 Elliptical paths of 
water particles at different heights, 
c = wave propagation velocity, h 
= water depth, = distance from 
bottom. 
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Potential Energy 

The potential energy arises from the elevation of the water above the mean level 
(y = 0). Considering a differential volume y ^ (Fig. 15-9), it will have a mean height 
yI2. Thus its potential energy is 


dPE 


— = (pydx Ly— 

^8c 2g, 


1 j S 

= -ry dx - 
2 gc 


(15-6) 


where m = mass of liquid in y dx, kg or lb,„ 

g = gravitational acceleration, m/s^ or ft/s^ 

g, = conversion factoi 1.0 kg • m/(N s^) or 32.174 lb,„ • ft/(lb/ ■ s^) 
p = water density, kg/m^ or lb„/ft^ 

L = arbitrary width of the two-dimensional wave, perpendicular 
to the direction or wave propagation x, m or ft 

Combining Eqs. (15-6) and (15-4/?) and integrating gives the potential energy PE in 
J or ft ■ lb/ 

pLxi^ g 


PE = 


2 g, Jo 

.2 


f sin^ (mx - nff) dx 
Jo 

1 


sin 2mx 


pLa^ g (\ 

2 m V2 

_ g [mA] 1 F 

2m g,[ 2} 4 ^ ^g,. 


)‘ 


(15-7) 


The potential energy density per unit area is ?EJA, where A = \L, in J/m^ or ft • lb/ 
ft^, is then given by 


PE 1 


(15-8) 


Kinetic Energy 

The kinetic energy of the wave is that of the liquid between two vertical planes 
perpendicular to the direction of wave propagation x and placed one wavelength apart 
The derivation of kinetic energy is rather complex and beyond the scope of this book 
However, from hydrodynamic theory, it is given by [148] 

1 j? 

KE = -ipL — / a? dH) 

4 gc 


(15-9) 
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where <■> is a complex potential given by 


(i) 


ac 

sinh (mh) 


cos(mz - nO) 


and 2 is distance measured from an arbitrary reference point. The integral in Eq. (15- 
9 ) is performed over the cross-sectional area bounded between two vertical planes. 
The result is 


KE 


and the kinetic energy density is 


jp a^XL— 
4 gc 


A 


1 

-pa 


il 

gc 


(15-10) 


(15-11) 


Total Energy and Power 

It can be seen that the potential and kinetic energies of a progressive sine wave are 
identical, so that the total energy E is half potential and half kinetic. The total energy 
density is thus given by 


E 

A 


2 gc 


(15-12) 


The power P energy per unit time is given for a wave by energy times frequency. 
Thus the power density, W/m^ or ft ■ Ib/(s ■ ft^), is given by 


P 

A 



(15-13) 


Example 15-2 A 2-m wave has a 6-s period and occurs at the surface of water 
100 m deep. Find the wavelength, the wave velocity, the horizontal and vertical 
semiaxes for water motion at the surface, and the energy and power densities of 
the wave. Water density = 1025 kg/m\ 


Solution 

Wavelength A 
Wave velocity c 
Wave height la 
m 

At the surface tj 


1.56 X 6 ^ = 56.16 m = 184.25 ft (Eq. l5-3a) 
kJT = 9.36 m/s = 30.71 ft/s 
2 m Amplitude a = 1 m = 3.28 ft 
277/A = 2ir/56.16 = 0.1119 m ’ 

/i = 100 m 
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Horizontal semiaxis a = 1 x —-—;—- = 1 m (Eq. 15-5a) 

sinh 11.19 

sinh 11.19 

Vertical semiaxis /3 = 1 x -—- = 1 m (Eq. 15-56) 

sinh 11.19 

Wave frequency / = l/r = 1/6 s 

E \ 9 81 

Energy density — =- x 1025 x x - = 5027.6 J/m^ 

A 2 1 

= 344.5 ft ■ (Eq. 15-12) 

P E 1 

Power density - = ~ / = 5027.6 x - = 837.9 W/m^ 

A A 6 

= 0.0778 kW/fri (Eq. 15-13) 

Note that, because of the large depth, the semiaxes are equal, so the motion 
is circular. Note also that they are small compared with the wavelength, so the 
water motion is primarily vertical. 

Two-meter waves, of course, do not occur all the time. However, in regions of 
high wave activity, 2 m is a median with heavier and calmer seas occurring about 50 
percent of the time (Fig. 15-8). The total energy and power densities over a penod 
of time should take this spectrum into account. With these densities proportional to 
the average densities would be greater than the values obtained in Example 15-2. 
It is instructive to compare these values with the average daily solar incidence 
where, in the southwestern United States, a value of 240 W/m^ or 0.0223 kW/ft^ is 
often used. Thus, wave power density is much higher. A complete comparison should 
take into account the efficiency of conversion to electric energy as well as other factors, 
like capital costs for land and equipment, operational costs, costs of energy storage, 
and other factors. In the next sections some selected devices that convert wave energy 
to mechanical energy, and hence to electric energy, will be described. 


15-10 WAVE-ENERGY CONVERSION BY FLOATS 

As seen above, wave motion is primarily horizontal, but the motion of water is pnmarily 
vertical. This latter motion is made use of by floats to obtain mechanical power. The 
concept envisages a large float that is driven up and down by the water within relatively 
stationary guides. This reciprocating motion is converted to mechanical and then 
electric power. 

A system proposed by Martin [150] is shown in Fig. 15-12. A square float moves 
up and down with the water, guided by four vertical manifolds that are part of a 
platform. The platform is stabilized within the water by four large underwater floatation 
tanks so that it is supported by buoyancy forces and no significant vertical or honzonta 
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Inlet c’lieck 



Figure 15-12 Schematic of a float wave-power machine 
(150], 


displacement of the platform due to wave action occurs. Damping fins may be used 
to further reduce motion if necessary. The platform is therefore expected to be relatively 
stationary in space, even in heavy seas. An alternative design uses piles to support 
the platform, if water depth permits. It is proposed that the platform be made of molded 
plastic with a foamed plastic core to arrive at the required density and strength. 

Attached to the float is a piston that moves up and down inside a cylinder that is 
attached to the platform and is therefore relatively stationary. This piston-cylinder 
arrangement is used as a reciprocating air compressor. The downward motion of the 
piston draws air into the cylinder via an inlet check valve. The upward motion com¬ 
presses the air and sends it through an outlet check valve to the four underwater 
floatation tanks via the four manifolds. The four floatation tanks thus serve the dual 
purpose of bouyancy and air storage, and the four vertical manifolds serve the dual 
purpose of manifolds and float guides. 

The compressed air in the buoyancy-storage tanks is in turn used to drive an air 
turbine that drives an electrical generator. The electnc current is transmitted to the 
shore via an underwater cable. 

Assuming an idealized reciprocating compressor cycle, (Fig. 15-13), the work, 
mass-flow rates, and other relationships may be obtained by common thermodynamic 
analysis as a function of stroke volume and clearance, wave height, and inlet conditions. 
The float height is usually subtracted from the wave height la to obtain the piston 
stroke. 

The air enters the compressor at atmospheric pressure, volume, and temperature 
^ 0 , Vq, and To- It leaves it as Vj, and T\. It, however, cools in the storage tanks 
back to Tq (as if it were isothermally compressed along the dotted line). The new 
volume V 2 = VoPolPu and pressure P 2 == Pi 

This air now expands in the turbine. Assuming ideal (adiabatic reversible) ex- 
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< Volume ^ 0 

I 


Clearance 

volume 


Float at top 



Float at bottom 

Figure 15-13 Idealized reciprocating compressor cycle and piston stroke. 


pansion, the work, in J/kg or Btu/lb„, obtained from that turbine per unit mas.s of air 
would be given by 

= c,To [l - (^^y* ■ r, '“"‘j (15-14) 

where m = mass of air, kg or Ib^ 

Cp = specific heat of air, J/(kg ■ K) or Btu/(lb^ • °R) 
r, = Pressure ratio in compressor = P\fPo 

= expansion ratio in turbine = Pi^P^ = P 1 /P 3 
P 3 = exhaust pressure in turbine, Pa or Iby/ft^ 
k = ratio of specific heats for air 

may be taken as 1 . 1 , when allowing for reasonable mechanical clearances 

Optimization of a system as above [150] has shown that the power density is 
roughly given by 


0.05 kW/fe 
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This compares with 0.0223 kW/ft^ incident solar energy in hot regions, which is yet 
to be multiplied by the efficiency of solar conversion, usually less than 10 percent. 

A linear array of such modules perpendicular to wave motion is recommended 
because the modules attenuate the wave amplitude in the direction of wave motion 
and would affect other modules in that direction. It would thus take miles of linear 
arrays to produce 100 MW or more. Other problems of such a scheme, some of them 
shared by other schemes, are: 


1 Waves not perfectly sinusoidal 

2. Aspiration of water into intake and even submersion by large waves 

3 . Water entering turbine 

4 . Materials problems, such as cost and corrosion (which may be partly overcome by 
the use of molded plastic) 

5. Design to withstand storms 

6 . Marine growth 

7. Power transmission to shore 


15-11 HIGH-PRESSURE ACCUMULATOR WAVE MACHINES 

In these machines, instead of compressing air the water itself is pressurized and stored 
in a high-pressure accumulator or pumped to a high-level reservoir, from which it 
flows through a water-turbine-electrical generator. This is done by transforming large 
volumes of low-pressure water at wave crest into small volumes of high-pressure water 
by the use of a composite piston. This piston is composed of a large-diameter main 
piston and a small-diameter piston at its center. 

In one design, that of the hydraulic accumulator (Fig. 15-14), the main large 
piston moves inside a submerged cylindrical generator while the small piston moves 
inside a power cylinder. Wave water enters and leaves through openings at the bottom, 
thus causing the main piston to move up and down. A closed water loop exists above 
the small piston. On the upstroke, the pressure on the main piston is magnified on the 
small piston by the inverse ratio of the square of their diameters. Thus if the piston 
diameters cU'e 100 and 20 cm, respectively, a wave head of 2 m would be magnified 
25 times to a head // of 50 m. With seawater density averaging 1025 kg/m^ (64 Ib,^ 
ft^), this head corresponds to a pressure of p HJgc, which is about 5 bar (—72.5 psi). 

The high-pressure water is conducted through a one-way up valve to a hydraulic 
accumulator at the top of the generator. Two air (or other gas) volumes counterbalance 
and act as cushions in a chamber above the main piston and in a sealed compartment 
in the hydraulic accumulator. The latter also maintains the high water pressure. Part 
of the high-pressure water flows through a Pelton wheel or Francis hydraulic turbine 
Ibat drives an electrical generator and is then discharged to a storage chamber below 
ihe turbine. 

On the trough of the wave, the composite piston is pushed downward by the gas 
pressure above the main piston, which thus acts also as a spring. The turbine exhaust 
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Figure 15-14 Scheniatic of a hydraulic-accu¬ 
mulator wave machine [151J. 


water in the storage volume is now sucked into the pump cylinder via a one-way return 
valve while the up valve is closed, and the cycle is repeated. The hydraulic accumulator 
is large enough to permit continuous turbine operation even though the waves are 
cyclic. 

A 500-W prototype hydraulic-accumulator generator was constructed in Germany 
by Harold Kayser in 1975 for the purpose of powering a navigation buoy [151], A 
design for a 1-kW generator has piston diameters of 100 and 25 cm and a 12-cm- 
diameter Pclton-wheel turbine that has 7-mm nozzles and that runs at 2300 r/min. The 
design calculations for that unit, based on 70 percent system efficiency and 2.5-m 
waves of 7-s period, show a piston stroke of 0.64 m, a high-pressure water flow rate 
per pump cycle of 20 dm^/s, and a continuous Pelton-turbine flow rate of 3 dmVs 
under a head of 50 m. 

A liquid, other than water, may be chosen for the closed loop to eliminate corrosion 
and freezing. Alcohol is one candidate for such a liquid. Particular attention must be 
paid to the seals between pistons and cylinders that must be gas tight and have low 
friction. A rolling diaphram seal has been selected. The piston and cylinders are to 
be constructed of glass fiber-reinforced plastic, ferro-concrete, aluminum, or steel 

An alternative to the high-pressure accumulator concept is the high-level reservoir 
concept (Fig. 15-15). A similar pressure magnification piston is used, but the pres¬ 
surized water is elevated to a natural reservoir above the wave generator, which would 
have to be near a shoreline, or to an artificial water reservoir. The water in the reservoir 
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Figure 15-15 Schematic of a high-level reservoir wave machine 


IS made to flow through a turbine back to sea level. Calculations show that a 20-m- 
diameter generator of this type can produce 1 MW. 

Although the hydraulic accumulator is a free-floating device, the high-level res¬ 
ervoir machine is stationary. Problems needing solutions are motion and vibration 
damping in the former and tide compensation in the latter. 


1512 OTHER WAVE MACHINES 
The Dolphin-Type Wave-Power Machine 

The basic design of a dolphin-type wave-power generator has been worked out by Tsu 
Research Laboratories in Japan. The major components of the system (Fig. 15-16) are 
^ dolphin, a float, a connecting rod, and two electrical generators. 

The float has two motions. The first is a rolling motion about its own fulcrum 
with the connecting rod. It causes relative revolving movements between the float and 
the connecting rod. The other is a nearly vertical or heaving motion about the connecting 
rod fulcrum. It causes relative revolving movements between the connecting rod and 
the stationary dolphin. In both cases, the movements are amplified and converted by 
gears into continuous rotary motions that drive the two electrical generators. 
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Figure 15-16 Schematic of the dolphin-type water generator (Tsu Research Laboratories.) 


A scale-model was tested in 1980 in an inland basin. The results were the ab¬ 
sorption of the applied wave power of 90 W and the complete elimination of waves 
downstream. 20 W were used up in mechanical and electrical losses resulting in a net 
70 W of electric output. The experiments on a 3 x 1 x 0.5 m float showed the linear 
power output to be given by 

p 

- = 1.74a^T (15-15) 

where PIL = power per unit length perpendicular to the wave, kW/m 
a = wave amplitude (half the height), m 
T = wave p)eriod, s 

Thus if the wave height is 2 m and the period is 6 s, the linear-power output is about 
10 kW/m. A linear array of units totaling 1 km would thus generate some 10 MW. 

Offshore expenmcnts are planned for the future. The system is envisaged to be 
used for electric-power generation, pumping for desalination equipment, or for uranium 
extraction from the sea. Because it completely eliminates waves, it can provide suitable 
sites for fish farming, port facilities, etc. 

The Dam-Atoll Concept 

The dam-atoll is a wave-power conversion device (Fig. 15-17) designed by Wirt and 
Morrow of the Lockheed Coiporation, Burbank, California. It is a massive and robust 
device that appears to overcome some of the disadvantages of many other devices, 
namely, complexity and fragility in heavy seas. It is said to be strong enough to survive 
any ocean storm. 

The dam-atoll derives its name from the fact that it incorporates some of the 
characteristics of both dams and atolls. The principle of operation is based on the 
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observed action of waves as they approach atolls (small volcanic islands) in an ocean. 
The waves wrap themselves around the atolls from all sides, ending in a spiral in the 
center, driving a turbine before discharging laterally outward. A module, 80 m in 
maximum diameter and 20 m high, is said to be capable of generating 1 to 1.5 MW 
in 7- to 10-s period waves. Figure 15-18 shows an artist’s conception of a dam-atoll 
wave energy “farm.” 


The Multiple-Pontoon Raft 

This is a system developed with British government support by Wavepower, Ltd., of 
Southampton. The concept was designed by Sir Christofer Cockerell, inventor of the 
hovercraft. A 1-kW scale model underwent sea trials in the solent of the Isle of Wight 
in 1978. 

Taking advantage of favorable wave activity around the British Isles, future full- 
scale versions may be located off the west coast of Scotland or the western approaches 
to the English Channel. They would generate 2 MW per raft. A series of rafts 8 to 
16 km (5 to 10 mi) offshore and stretching some 24 km (15 mi) parallel to the coast 
could generate 500 MW. It is believed that for the United Kingdom wave power offers 
greater potential than any other renewable energy source and that a l(XX)-km (630- 
nii) line of wave-power machines might generate half of the United Kindgom’s elec- 
trical demand. 
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Figure 15-18 An artist's conception of a dam-atoll wave machine farm. (Courtesy the Lockheed Corpo¬ 
ration, Burbank, Calif.) 
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15.13 THE TIDES 

The tiiies are yet another source of energy from the oceans. This energy can be tapped 
from coastal waters by building dams that entrap the water at high tide and release it 
at low tide back to the sea. Power can then be obtained by turbines from both in-out 
flows of the water. The amount of energy available is very large but only in a few 
parts of the world. 

Tidal energy is somewhat similar to hydro energy in that it uses the potential 
energy of water.* Both have been in use for centuries. Tidal “mills” were used in 
England and Europe. An early example is that of a miller in Woodbridge, Suffolk, 
who used the tide to mill grain in 1170. Another is a tidal waterwheel that was 
constructed in the sixteenth century under the London Bridge and that supplied water 
to London up to the nineteenth century. Other tidal mills were common for hundreds 
of years. They were used, particularly in the seventeenth and eighteenth centuries, for 
grinding grain, sawing wood, pumping water, etc. Mills were to be found in Britain, 
New England, Russia, and other places. One of the earliest scientific works on the 
tides was written by George Darwin, son of the great biologist Charles Darwin, and 
published in 1898 [152]. 

The tides, as we will see, although free, were inconvenient because they come 
at varying times from day to day, have varying ranges (heads) and, for large outputs, 
required large capital expenditures. Their early use declined and eventually came to 
a halt with the coming of the age of steam and cheap coal. With the beginning of the 
energy crisis in the 1970s, tidal energy, like other renewable energy sources, received 
renewed attention. 

Tlie tides are rhythmic but not constant, nor do they occur on a regular daily 
schedule. Their occurrence is due to a balance of forces, mainly the gravitational force 
of the moon but also that of the sun, both acting together with that of the earth to 
balance the centrifugal force on the water due to the earth’s rotation. The result is the 
rhythmic rise and fall of water. The tides are charactenzed by their schedule and range 
R. 

The tidal schedules vary from day to day because the orbit of the moon does not 
occur on a regular, 24-h, daily schedule. Instead, the moon rotates around the earth 
every 24 h, 50 min. During this time the tide rises and falls twice, resulting in a tidal 
cycle that lasts 12 h 25 min. 

The tidal range R is defined as 

R — water elevation at high tide — water elevation at low tide (15-16) 


* Hydro energy, nol covered in this text, converts the potential energy of water (trapped at relatively 
high elevation or behind an artificial dam) to mechanical work by a water turbine. Before the introduction 
of electricity in the nineteenth century, hydro energy was used to power industrial machinery directly. In 
ihe mid-nineteenth century, wind and hydro power accounted for some two-thirds of all mechanical power 
used in the United States. This percentage rapidly dropped, however, with the introduction of steam in the 
latter part of the nineteenth century. Hydro energy is now used almost exclusively to generate electricity. 
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The range is not constant. It varies during the 29.5-^y hinar month (Fig. 15 . 19 ^ 
being maximum at the time of new and full moons, called the spring rides, and 
minimum at the time of the first and third quarter nKxms, called the neap rides. The 
spring-neap tidal cycle lasts one-half of a lunar moiidi. A typical mean range is roughly 
one-third of the spring range. The actual variatkms in range are somewhat complicated 
by seasonal variations caused by the ellipticity of the earth’s orbit around the sun. 

The variations in daily periodicity and monthly and seasonal ranges must, of 
course, be taken into account in the design and operation of tidal powerplants. The 
tides, however, are usually predictable, and fairly accurate tide tables are usually 
available. 

Tidal ranges vary from one earth location to another. They arc influenced by such 
conditions as the profile of the local shoreline and water depth. When these are 
favorable, a resonanceiike effect causes very large tidal ranges. Ranges have to be 
very large to justify the huge costs of building dams and associated hydroelectric 
powerplants. Such tides occur only in a few locations in the world. One of the most 
suitable is the Bay of Fundy between Maine, USA, and New Brunswick, Canada, 
where the range can be as high as 20 m (~66 ft). Other potential sites arc the estuary 
of the River Severn in Britain, the English Channel, the f^tagonian coast of Argentina, 
the Kislaya inlet on the Barents Sea in the USSR near the Norwegian border, the 
Ranee estuary on the Brittany coast of France, the coast along the Sea of Okhotsk in 
Japan, and several others with ranges equal to or exceeding 10 m (—33 ft). 

The total tidal power that is dissipated throughout the world is estimated at 2.4 x 10 ^ 
MW, which is about one-third of world consumption in the early 1970s. Of these, 
some 10^ MW are dissipated in shallow seas and coastal areas and are not recoverable 
Because of the very high capital costs of dams and other structures associated with 
tide energy-conversion systems, only a small fraction of the rest, and a smaller fraction 
of increasing world energy needs, is expected to be satisfied by tidal energy, 


New First Full Third New 

moon quarter moon quarter moon 



Spring Neap Spring Neap Spring 

tide tide tide tide tide 


Flgwc 15-19 Relative high and low tides showing variation in range during lunar month 
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Wc will next discuss three schemes of tidal-energy conversion for the production 
of electric energy: two depend upon a single-pool or basin, the third on a two-pool 
design. A discussion of recent developments in tidal electric powerplants may be found 
in the proceedings of a conference held in Nova Scotia in 1970 [153], 


15-14 THE SIMPLE SINGLE-POOL TIDAL SYSTEM 

The simple single-pool tidal system has one pool or basin behind a dam that is filled 
from the ocean at high tide and emptied to it at low tide. Both filling and emptying 
processes take place during short periods of time: the filling when the ocean is at high 
tide while the water in the pool is at low-tide level, the emptying when the ocean is 
at low tide and the pool at high-tide level (Fig. 15-20). The flow of water in both 
directions is used to drive a number of reversible water turbines, each driving an 
electrical generator. Electric power would thus be generated during two short periods 
during each tidal period of 12 h, 25 min, or once every 6 h, 12.5 min. 

The maximum energy that can be generated dunng one generation period can be 
evaluated with the help of Fig. 15-21, which shows the case of the pool beginning at 
high-tide level, emptying through the turbine to the ocean, which is at low tide. (The 
reverse process results in identical energy). 

For a tidal range /?. and an intermediate head at a given time during the emptying 
process, the differential work done by the water is equal to its potential energy at the 
time, or 




Figure 15-20 Ck:ean and pool levels and power 
generated in a simple single-pool tidal system. 
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Figure 15-21 Level changes during power production in a single-pool tidal system. 



dW = — dm h 

(15-17) 


8c 

but 

dm = - pA dh 

(1.5-18) 

so that 

dW = - -pAh dh 

(1.5-19) 


8c 


where W = work done by the water, ft lb/or J 

g = gravitational acceleration, 32.2 ft/s^ or 
9.81 m/s" 

g, = conversion factor, 32.2 Ib^ * ft/(lb/s") or 
1.0 kg/(N ■ s") 

m = mass flowing through turbine, Ib^ or kg 
h = head, ft or m 
p = water density, Ib^ft^ or kg/m^ 

A = surface area of pool, considered constant, 
ft" or m" 


The total theoretical work during a full emptying (or filling) period is obtained 
by integrating Eq. (15-19) as 


W = 



-pA fhdh 

gc JO 


or W = \^pAR^ ('5-0) 

2 gc 

Thus the work is proportional to the range to the power 2. The power generated 
during each of the periods is equal to W divided by the time duration of that period 
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Zero power is generated during the rest of the time (Fig. 15-20). The average theoretical 
power delivered by the water is W divided by the total time it takes each period to 
repeat itself, or 6 h, 12.5 m, or 22,350 s. Thus 


where 


1 

44,700 


—pAR^ 

gc 


Fav = average theoretical power, ft ■ Ib/s or W 


(15-21) 


Assuming an average seawater density of 64 lb„yft^ or 1025 kg/m\ the average 
theoretical power per unit pool area would be given by 


P 


av 


A 


1.43 X 10-ft . lb/(s fe) 


(15-22fl) 


= 0.225/?^ W/m'^ or MW/km^ (15-226) 

The actual power generated by a real tidal system would be less than the above 
because of frictional losses and inefficiencies in the turbines and electric generators 
and might only be 25 to 30 percent of the above. 

The p<iwer generated, however, could be immense. The Bay of Fundy, for ex¬ 
ample, has an area of 13,000 km^ and an average range of 8 m. If we assume an 
efficiency of 27.5 percent, it has a potential of generating more than 50,000 MW, or 
50 GW, which is about twice the electric-power consumption of Canada in 1980. 


15-15 THE MODULATED SINGLE-POOL TIDAL SYSTEM 

In the simple single-p>ool system (above), two high-peak, short-duration power outputs 
occur every tidal period. Such peaks necessitate large turbine-generators that remain 
idle much of the time. The power peaks also occur at different times every day (50 
min later each successive day), at times of high and low tides that almost surely will 
not always correspond to times of peak power demand, and pose a burden on the 
electne-power grid they are connected to. 

The modulated single-pool tidal system partially corrects for these deficiencies by 
generating power more uniformly at a lower average head, though still with some 
periods of no generation. Because the average head h is lower and work and power 
are proportional to 6^, the turbine-generators are much smaller and operate over much 
longer periods. The resulting total work is reduced, however. 

In the system, shown by the ocean and jX>ol level and power diagrams of Fig. 
15-22, the reversible turbines are allowed to operate during periods of pool filling and 
emptying instead of at high and low levels only. They cease to operate when the head 
is too low for efficient operation. Period Ci begins with both pool and ocean at low- 
tide level (1), the ocean at the beginning of tide rise, and all gates closed. When the 
head is sufficient (2), gates to the turbines are opened and water from the ocean is 
allowed through. Power is generated during period G\ as both ocean and pool levels 
rise. The ocean level reaches its peak and begins to decrease but the pool level is still 
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Figure 15-22 Ocean and pool levels 
in a modulated singlc-ptx)l tidal sys 
tcm. C = gates closed. G = gen 
cration, F = pool filling, E = pool 
emptying. 




Time 6 


increasing until, at 3, the head is too low for efficient generation. The gates to the 
turbines are closed and bypass gates arc opened so that the pxxjl is allowed to fill up 
during period F to 4. At 4 all gates are once again closed and the pool level remains 
constant while the ocean level decreases during period Cj At 5 the head is once again 
sufficient to allow for turbine water flow in the opposite direction and a second 
generation penod G 2 begins. At 6 generation ceases but the pool is allowed to empty 
during period E and the system goes back to point 1, repeating the cycle. The power 
generation shown is certainly not uniform but much more so than in the case of the 
simple system. 

The evaluation of the total work is obtained by assessing the characteristics of 
the system, i.c., the variation of water mass flow and head with time d, and integrating 
their product over the time span during which generation is taking place. When we 
consider the first-generation period (Fig. 15-23), the general relationships take the 
form 


H 

= /.(^ 

(15-23) 

y 

= fiiO) 

(15-24) 

dW 

= ^ dm h = — dm (H - y) 

(15-25) 


gc gc 


dm 

= pA dy 

(15-26) 


but 
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Figure 15-Z3 Relative ocean and pool 
levels in the first-generation period of 
a modulated single-pool tidal system. 


Thus 

dW = j-(A - /j(0)j due) (15-27) 

and W = ^pA JJ' |^/,(e) - / 2 (e)j d/Aff) (15-28) 

where M = ocean level above mean or other appropriate datum 

y = pool level above mean or datum 
0 = lime 

and the other symbols have already been defined. H may be closely approximated by 
a sinusoidal function of 8 such as 

R tt8 

H = f.iO) = - sin- (15-29) 

2 6.2083 

where 8 is in hours and 6,2083 in hours is one-half of a tidal period, y may be 
approximated by a linear function of 8, starting at 0 at 8^ for a constant mass-flow 
rate such as 

V = f.{8) - aR{8 ~ 8,) (15-30) 

where a is a constant having the dimension lime e g., h \ or y could be a function 
of /] = /y _ 2 constant flow resistance or some other function determined from 

operational data. Using the relationships for// and y of Eqs. (15-29) and (15-30), the 
^ork during period G| (or G 2 ) would be evaluated from 

dW = ~ pA T— sin- — aR {8 — 81 ) d aR{6 — 0]) 

g, [2 6.2083 J L 


(15-31) 
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and 



This shows that the work, like in the simple single-pool system, is also a function of 
R\ 


Example 15-3 Calculate the total energy and average power of a modulated single¬ 
pool tidal system using Eqs. (15-29) and (15-30) for H and y and the values 
R = 12 m, a = 0.0625 h (9, = 1 h, 6^ = 4 h, y4 = 10,000 km^ and p = 1025 
kg/m\ Compare the results with those for a simple single-pool system. 

Solution Using Eq. (15 -32): 

W = ^ X 1025 X 10'" X 12^1^0.988 x 0.0625(0.43795 + 0.87468) 

_ (0.0625)^ 

2 

= 1.448 X 10"’(0,08I05 - 0,02930) 

= 7,493 X lO''* J 

The average power during the generation period of 4 h is 
7 4Q3 X in'"* 

^ ^ 3^ = 5.2 X 10'" W = 5200 MW 

The average power during the total period of 6.2083 h is 

^ ^ 3 33 ^ ,Qio ^ ^ 33 300 MW 

6.2083 X 3600 

In the simple single-pool system, the corresponding values from Eqs (1^ 
20) and (15-21) are 
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\ g , I 9.81 

w = - - pAR^ = o ^ “7“ ^ ^^25 X 10‘« X 12^ = 7.24 x 10'^ J 

2 gc 2 1 

/".v = 3.24 X 10'' W or 324,000 MW 

Thus the simple single-pool system produces some 10 times the work and average 
power of the modulated single-pool system. However, the former does so almost 
in a “spike,” which is very hard on the power grid and requires very large turbines 
that remain idle most of the time. The latter produces its work over several hours 
and hence avoids these problems. 

The actual work and power above must be multiplied by the efficiency of the 
system, which is probably in the 25 to 30 percent range. 

Only two tidal powerplants have been built in the world to date, one in France, 
the other in the USSR. The French plant (Fig. 15-24) was built in the Bay of Ranee, 
across the River Ranee, near St. Malo in Brittany, France, in 1966. The Bay of Ranee 
has a basin of 22 x 10^ m^ area and a maximum tidal range in excess of 13 m. The 
plant consists of twenty-four 10-MW reversible turbine generators that operate on the 
modulated single-basin system described above for a peak power of 240 MW. The 
average power, however, is 160 MW. An added feature of the Ranee plant is that the 
tidal basin behind the dam is also used for pumped storage from the main power grid. 
At periods of low power demand and high tide, excess energy from the power grid is 
used to pump water into that basin raising its level almost 0.5 m above high tide level. 
This pumping energy is more than recovered during the normal tidal-basin discharge 
to the ocean when at low tide because the head at discharge is greater than at pumping. 
Since the energy is proportional to the energy gain in this operation is estimated 
at 12:1 maximum. Operating and maintenance difficulties have resulted in a low plant 
availability factor (fraction of total time plant is on line) of about 25 percent, with the 
plant operating only about 2(XX) h/year for a yearly average of about 62 MW. The 
unit plant capital cost, based on 1962 economics, was $3(X)/kW. 

The USSR plant, a small 2-MW demonstration unit, also of the modulated single¬ 
basin type, started producing power in 1970 at Kislaya Cuba on the Kislaya inlet on 
the Barents Sea, about KXK) km north of Murmansk, near the Norwegian border. It 
is believed that the USSR has been studying proposals for larger systems. 


15-16 THE TWO-POOL TIDAL SYSTEM 

The two-pool tidal system is one that is much less dependent on tidal fluctuation but 
at the expense of more complex and hence more costly dam construction. An inland 
basin (Fig. 15-25) is enclosed by dam A and divided into a high pool and a low pool 
by dam B. By proper gating in dam A, the high pool gets periodically filled at high 
tide from the ocean and the low pool gets p^eriodically emptied at low tide. Water 
flows from the high to the low pool through the turbines that are situated in dam B. 
The capacities of these two pools are large enough in relation to the water flow between 



Flfurc 15-24 A view of ihc 240-MW (peak) tidal powcrplant built on the River Ranee, Bnttany, 
(Courtesy Phototeque, Electricity de France. Pans.) 
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Figure 15-25 Schematic of a two-pool 
tidal system. 


them that the fluctuations in the head are minimized, which results in continuous and 
much more uniform power generation. 

The two-pool system has been considered for the Passamaquoddy Bay tidal project. 
Passamaquoddy Bay is an arm of the Bay of Fundy. (Enclosing the whole Bay of 
Fundy is economically prohibitive and not technically feasible, and it is more feasible 
to enclose its basins and estuaries.) Passamaquoddy Bay itself would constitute the 
high pool. The adjacent Cobscook Bay would be the low pool. A modest 3(X)-MW 
plant was under consideration as a joint venture of the U.S. and Canadian governments, 
but the project was abandoned in 1961 because it was considered uneconomical. 
Another larger plant of 1-GW capacity was again considered from 1963 to 1974, but 
no agreement was reached because of similar economic considerations. 


PROBLEMS 

15-1 Ocean water, just below the topmost layer (where reflection back to the sky and a complex mechanism 
of heat transfer and evaporative mass transfer occurs) receives 65 W/m‘ of .solar energy in one locality. 
The extinction coefficient is 0.4 m '. Calculate (a) the volumetnc heat-generation rate q'", in watts per 
cubic meter, near the surface and 1 m below the surface, and (b) the distance below' the surface, in meters, 
where 99.99 percent of solar energy has been absorbed. 

15-2 An OTEC powerplant of the Claude type has an ideal turbine operating between 25 and 15X. For a 
turbine output of 1 MW, calculate (a) the mass flow rate of steam, in kilograms per second, ib) the mass 
flow rate of warm water, in kilograms per second, if the evaporator temperature drop is 2°C, (c) the mass 
flow rate of cold water, in kilograms per second, if the condenser temperature drop is 2°C, and id) the cold 
water pipe diameter, in meters, if the water velocity in it is not to exceed 1 nVs. 

15-3 An OTEC powerplant of the Claude type uses 10^ lb„yh of warm surface water at 70T The evaporator 
temperature is 66®F. The condensor pressure is 0.25 psia. The turbine polylropic efficiency is 0.84. The 
combined turbine-generator mechanical and electrical cffecicncy is 0,87. Calculate (a) the steam mass flow 
rate into the turbine, in pounds mass per hour, (b) the gross generator output, in kilowatts, (c) the gross 
cycle efficiency, and (d) the cold-water pipe diameter if the cold-water temperature and velocity in the pipe 
arc 56°F and 10 ft/s, respectively. 
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15-4 Consider the powerplant in Fig. 15-5. Assume an ocean surface water flow of 10^ Ibjh, a lurbin 
polytrr pic efficiency of 0.85, and turbine-generator combined mcchanical-clectricaJ efficiency of o gQ 
CalculLie (a) the gross power generated by the turbine generator, in kilowatts, (b) the cold-water volumet 
flow rale, in cubic feet per minute, and (c) the quantity of fresh water produced, in cubic feet per minute 
15-5 Compare the mass flow rates, in pounds mass per hour, and volume flow rates, in cubic feet per 
minute, at turbine inlet of all four fluids in Table 15-2, for a l-NfW turbine operating with saturated vapor 
at 70®F and exhausting at 50®F. The turbine polytropic efficiency is 0.88, assumed the same in all ca&es 
15-6 An Anderson OTEC cycle generates 150 MW of net power. It uses ammonia as the working fluid 
Ammonia vapor is generated at 70®F saturated and condenses at 50*^. The turbine has an adiabatic efficiency 
of 0.80 and the turbine-generator has a combined mechanical-electrical efficiency of 0.88. The temperature 
drop of the ocean warm water in the evaporator and rise of the cold water in the condenser are both 8°F 
14 percent of the gross output of the generator is used for plant pumps and other auxiliaries. Calculate (a) 
the ammonia mass and volunie flow rates, in pounds mass per hour and cubic feet per minute at turbine 
inlet, (b) the warm and cold water mass and volume flow rales, in pounds mass per hour and cubic feet 
per minute, and (c) the plant net thermal efficiency. 

15-7 An Anderson OTEC powerplant uses propane as the working fluid. Saturated propane vapor enters 
the turbine at 70“F and the condenser at SOT. The turbine polytropic efficiency is 0.88 and the turbine 
generator combined mechanical-elcclncal efficiency is 0.80, 10’ Ib^Jh of hot water enters the evaporator 
at 82T and leaves at 74T. Pumps and other auxiliaries consume 14 percent of the generator gross output 
Calculate (a) the ammonia mass and volume flow rates, in pounds mass per hour and cubic feet per minute, 
at the turbine inlet, (b) the plant net output, in megawatts, (c) the cold-water flow, in pounds mass per 
hour, if its temperature increases 8T in the condenser, and (J) the plant net efficiency. 

15-8 A 2 5 -m ocean wave has a 60-m wavelength in 10-m deep water, Calculate (a) the probable period, 
in seconds, (b) the major and minor axes, in meters, of the water motion at the surface and at middepth, 
and (c) the wave power kilowatts per meter width of the wave front. Take water density as 1025 kg/m' 
15-9 A wave-energy generator system is to produce 1 MW in the ocean where the waves have a steady 4 
ft amplitude and 227.1 -ft wavelength. The floats measure 12 x 12 x 1 ft. Calculate the number of floats 
necessary if the overall efficiency of the system is 9.6 percent. Sea water density is 64 lb„yff\ 

15-10 A wave-energy generator float measures 40 x 40 ft. For simplicity, assume that it expenences waves 
on a given day that are 7 ft high half the time and 4 ft high the other half All waves have a wavelength 
of 184 ft. The overall conversion efficiency of the plant is 5 percent. The water density is 64 lh,/ft\ 
Calculate (a) the total energy output during the day in fool pounds force and kilowatt hours and (fi) the 
mean energy wave height, and (c) the percent error obtained if the “arithmetic mean" wave height were 
used for the whole day. 

15-11 A single square float measuring 10 x 10 x I ft is placed in the ocean where the waves have a 
steady 3.5-ft amplitude and 200-ft wavelength. The float is connected to a piston of I-ft diameter that 
operates within a cylinder. The compressed air is expanded in a turbine Both compression and expansion 
ratios arc 6. The air temperature is 40T and the water density is 64 lb„yft\ Calculate (a) the power, in 
fool pounds force per second and kilowatts, imparted to the float by the waves, (b) the air flow to the 
turbine, in pounds mass per second, and (r) the ideal turbine work, in kilowatts 
15-12 An ocean wave power system of the float type uses a 25-cm-lhick float in 2-m waves that have a 
60-m wavelength. The cylinder has a diameter of 1 m. The compressor pressure ratio is 10. The air is at 
1 atm and 10°C. Calculate the power produced by the turbine if the compressor-turbine system has an 
efficiency of 76 percent of ideal. 

15-13 An ocean wave power device of the high-pressure accumulator type operates in 2.5-m waves that 
have a wavelength of 60 m. The composite piston has diameters of 20 and 3 m. The water has a density 
of 1025 kg/m^ Calculate (a) the height of the reservoir above the accumulator if fnctional losses in the 
disch^e pipe average I bar, (b) the average water volumetric flow rate to the reservoir, in cubic meters 
per second, (c) the pwwer generated, in kilowatts, by a turbine-generator of 70 percent efficiency that is 
situated 2 m above average ocean water level, assuming water level in the reservoir is constant, and (^/t 
the length, in meters, of dolphin arrays (Fig. 15-16) that would produce the same power. 
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15.14 A tidal powerplant of the simple single pool type, has a pool area of 300 x 10^ The tide has a 
range of 36 ft. The turbine, however, stops operating when the head on it falls below 9 ft. Calculate the 
energy generated in one filling (or emptying) process, in foot pounds force and kilowatt hours if the turbine- 
generator efficiency is 0.73. 

15-15 A 300 X 10* ft^ tidal pool level follows a sinusoidal curve during the tidal cycle of 6.2083 h. 
Assume for simplicity that it discharges into a reservoir with constant level. The maximum head is 36 ft. 
Calculate the power generated dunng the cycle in foot pounds force and kilowatt hours. Assume for simplicity 
that the water mass flow rate is constant. Take density of water to be 64 lb„yft\ 

15-16 Calculate the total energy and average power of a modulated single-pool tidal plant operating with 
a range of 12 m The tidal pattern is assumed to be sinusoidal. The water level in the pool may be approximated 
bv the relation 0.0625/?(^- fli) where 0 is time, in hours. Power generation occurs between 6, = I and 
^ ^ 4 h. The pool has a constant area of 10,000 km^. The water density is 1025 kg/m^ 

15-17 A tidal powerplant of the two-pool type has upper pool area Ai and lower pool area A 2 . (a) Derive 
expressions for (a) the energy that can be detained if the upper pool is emptied into the lower pool when 
the initial head difference between them is R and when all gates to the ocean are closed, and (b) the ratio 
of this energy to that obtained from a single pool of area A Determine the numerical value of this ratio if 
, 4 , - A. = 0.5 A, 

15-18 Consider for simplicity that the two-pool tidal powerplant proposed for the Bay of Fundy operates 
with a constant head of 26 ft, Calculate the necessary ocean flow rate into the system, in cubic feet per 
day, if the powerplant is to produce 200 GW with a 60 percent efficiency Take water density as 64 IbJ 



chapter 

SIXTEE N 

ENERGY STORAGE 


16-1 INTRODUCTION 

The need for energy storage arises because the demand for electric energy in a utility 
system is characterized by hourly, daily, and seasonal variations, whereas the supply 
from that system, in the majority of cases, has a fixed capacity. That capacity must 
be selected to correspond to the maximum demand plus a reasonable excess to take 
care of scheduled plant shutdowns for maintenance and unscheduled shutdowns due 
to abnormal occurrences. The result of this is large, expensive plants that operate 
much of the time below capacity , thus causing high operating and capital costs. 

An example of electric-energy fluctuations in consumption during a typical week 
in the life of a largely university town is shown in Figs. 16-1 and 16-2 11541, Thc> 
demonstrate the differences between daytime and nighttime consumption, between 
weekdays and weekends, and between summer and winter. More severe fluctuations 
occur in an industrial or commercial region, where demands drop on weekends Sea 
sonal fluctuations in all regions also occur. The picture is more clouded, and the need 
for energy storage is greater, if plants using renewable forms of energy such as solar 
and wind are used to generate electricity . It is the output of these plants that fluctuates 
severely because of their input energy intermitiency. Their conversion systems arc 
also much more expensive than those of conventional plants. 

The objective of energy storage, therefore, is to counteract the disadvantages that 
result from the fluctuations in demand for electric energy by assuring a steady high 
output from existing powerplants. When the demand is lower than capacity, energy 
is stored, When the demand is higher than that capacity, the stored energy is released 
The result then is to be able to supply electricity reliably, efficiently and economically. 
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Figure 16-1 Hourly and daily elec- 
tnc-power consumption during sum¬ 
mer (average July 1976-1980) in 
Madison. Wis. (154). 


while being able to provide peak electrical demands on short notice during certain 
times of the day or week. 

The need for energy storage was not acute when the generating plants were cheap 
and the fuel supply plentiful. Indeed, energy storage has, in a sense, been historically 
done in the form of the latent energy stored by nature in the fuels themselves. The 
energy density in this “natural" storage is large. Fossil fuels, coal, oil, and gas (at 
UXX) psia), all contain about a million Btu/ft^ (—37 x 10^ kJ/m^). Natural uranium 
metal (0.071 percent contains about 3 x 10'^ Btu/ft^ (—10’'* kJ/m^). With 
increasing supply problems of all fuels, the need to conserve resources, and the 
increasing unit capital costs ($/KW) and production costs (mills*/kWh) of electric- 
generating plants, suitable methods of energy management become necessary. Ex¬ 
amples of these are; 


1 Supply power peaks by interconnecting power networks that might have different 
power demands on them. 

2 Use newer and more efficient powerplants for base-load generation and use older 
less efficient plants for peak-power generation. 


I mill - one thousands of a dollar = 0.l(t. 
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3. Construct smaller, low capital cost, though not so efficient powerplants, as power- 
peaking units. Examples are special steam plants, small hydroelectric plants, or 
gas-turbine peaking plants (Chap. 8). 

4. Add energy-storage systems. 

In general, reliability and economy of electrical supply can best be achieved by 
having a mix of three types of powerplants. a base-load plant, a cycling plant, and a 
peaking plant. 

Base-load plants are used to provide a base electrical load to the grid. Such plants 
are usually large, efficient, steam-generating, Rankine-cycle type stations powered by 
fossil or nuclear fuels. They operate continuously except for scheduled maintenance 
or forced outages. They have a power operating factor (POP) (Fig. 14-9) between 60 
and 70 percent. This relatively high POF results in a comparatively low unit cost of 
power (mills/lcWh). 

Cycling plants, also called intermediate plants, usually are older, less efficient 
steam plants, or new ones specifically designed for cyclic operation, such as combined 
cycles (Sec. 8-8). They operate primarily during hours of high load demand and have 
an annual POF between 25 and 50 percent. This rather wide range is primarily the 
result of seasonal variations, such as those due to periods of high industrial output, 
air-conditioning loads in the summertime, etc. 

Peaking plants are specifically designed to provide relatively inexpensive power 
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during peak-demand periods, such as due to abnormal air-conditioning loads and peak- 
hour domestic demands in the evenings. They operate at a low annual POF of 5 to 
15 percent. They also operate at a low availability factor (Fig. 14-9) i.e., intermittently 
according to system requirements. Their operation may be for as little as 2 or as much 
as 12 h/day, for as many as 5 days/week. 

The last of the courses of action, energy storage, is the one discussed in this 
chapter. We are here concerned with large-scale storage suitable for incorporation with 
utility electrical powerplants. Energy storage would allow the plants to be designed 
for nearly constant load operation below peak demand, a process called peak shaving, 
which would thus reduce the high capital cost of the initial plants. Energy storage, of 
course, becomes attractive only when the capital and operating costs of the storage 
system are more than offset by the reduction in the corresponding costs of the original 
system. 

One drawback to all energy-storage systems is that their energy densities are much 
lower than those mentioned above for fossil and nuclear fuels. 


16-2 ENERGY-STORAGE SYSTEMS 

There are basically two generic approaches to energy storage in utility systems (Fig. 
16-3). These are (1) electrical storage and (2) thermal storage. 

ElectricaJ Storage 

The primary electric-generating plant is continuously operated in a base-load mode, 
which results in excess electricity production during the off-peak periods ab cd 
(Fig, 16-4). Electrical storage is then used to hold this excess electricity for use during 
peak demand, period be. Note that the total energy stored is greater than the total 
energy supplied because of conversion losses to and from storage. Storage schemes 
in this category that are in use or under investigation are: 

1. Electrical-mechanical energy storage 

a. Potential, pumped hydro 

b. Potential, compressed air 

c. Potential, springs, torsion bars, mass elevation 

d. Kinetic, flywheels 

2. Direct electrical energy storage 

a. Batteries 

b. Superconducting coils 

Thermal Storage 

In thermal storage, all schemes deal with storing energy in a thermal form in a material 
during periods of low power demand and releasing it back during periods of high 
demand. The primary electric-generating plant is operated to meet the real-time elec- 
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Figure 16-5 Thermal energy storage with 
hypt:>lhetical varying thermal input as from 
solar incidence. 


meal demands during off-peak hours. The available thermal energy input to the plant 
may be essentially constant, as is that from fossil or nuclear fuel (Fig. 16-4), or 
varying, as from solar incidence (Fig. 16-5). The excess thermal energy is stored as 
such and withdrawn to be converted to meet peak electrical demands. Conversion 
could occur in the primary plant itself or in a separate peaking plant (Fig. 16-4). 
Again, note that because of storage losses and conversion inefficiencies the total stored 
energy is greater than that supplied. 

Thermal storage schemes include: 

1. Sensible heat 

2. Latent heat 

3. Chemical reaction 

Not all the various electrical and thermal energy-storage schemes are suitable for 
large utility energy storage. Some, like springs, torsion bars, and mass elevation, are 
very low-capacity systems that are used to power such small devices as watches, 
clocks, toys, and instruments They will not be covered in this book. Others, like 
flywheels and batteries, are in the developmental stages and will probably be suitable 
for intermediate storage. A few, like pumped hydro, compressed air, and supercon¬ 
ductivity are, or will be, suitable for large utility energy storage. These and the various 
other schemes are covered in the following sections. 

16-3 PUMPED HYDRO 

Pumped hydro, like compressed air (Sec. 16-4), is a potential-energy storage system 
suitable for large utility energy storage. It is the most developed and used of all storage 
systems. The principle behind pumped hydro is simple and follows the law of potential 
energy PE that is, the raising of mass to an elevation, height, or head H. It is given 
by 



(16-1) 
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where PE 

8 

8c 

m 

H 


potential energy, ft • lb/or J 

gravitational acceleration = 32.2 ft/s^ or 9.81 m/s^ 

conversion factor = 32.2 Ib^ • fty(lb/ ■ s^) or 1.0 kg/(N ■ s^) 

mass, lb,„ or kg 

head, ft or m 


The operating heads on the pump turbine in the pumping mode Hp and in the 
turbine-generating mode f/j are different and are made up of two components each 

Hp = H ^ He (16-2) 

and Hf — H (16-3) 

where H is the static head or height and Ht represents the losses during flow conditions 
(which are different because of the different flow rates). 

The pumping and generation powers are given by replacing the mass in Eq. (16- 
1) with the mass-flow rate m lb,„/s or kg/s and using the proper head, or with 




(16-4) 

and 

Pt = ~PQ,H, 

(16-5) 


8 , 


where Pp and Pr = pumping and turbine powers, respectively, ft ■ lb,/s or W 
p = density of water, Ib^ft’ or kg/m^ 

Qp and Qr = volumetric flow rates in pumping and 
generation, respectively, ft Vs or mVs 

Equation (16-1) shows that 1000 kg raised 100 m will store 9.81 x 10^ J or 
0.2725 kWh. Thus large masses must be elevated to sufficiently large heights to store 
large quantities of energy. Fortunately large masses are available in pumped-hydro 
systems by the elevation of large quantities of water from a lower to an upper reservoir 
One or both of these reservoirs may be artificially excavated or may be a natural nver 
or lake. 

Pumped-hydro systems, unfortunately, require a suitable topography that will 
allow the design and construction or selection of two reservoirs with sufficient capac¬ 
ities, maximum available elevation difference H, and minimum horizontal distance i 
between them to reduce flow losses. Values of LtH < 2 are considered very favorable, 
although most existing plants average LIH between 4 and 6 with some nearly as high 
as 10. Good topographies are obviously not available everywhere. 

Although high heads are desirable, some topographies do not allow them, and 
thus pumped-hydro systems are often classified as above-ground, which includes the 
preferred high head and medium head, and underground. 
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Above-Ground Pumped Hydro 

In high-head installations, the upper reservoir may have originally been a stream 
descending a steep slope which has been dammed to form the reservoir. From that 
reservoir, water is diverted into a horizontal pressure tunnel driven through the rock 
to the valve house from which the main steel pipeline slopes down to the powerhouse. 
At the head of the steel pipeline there usually is a surge tank and a valve house. It 
contains the main sluice valves, which are automatic isolating valves that come into 
operation in the case of pipeline burst. Automatic air valves, also, may be used. These 
contain buoyancy floats that fall when sufficient air separates from the water. These 
floats are attached to a spindle which then opens the valve to vent the air to the 
atmosphere. Other automatic air valves allow air to enter the pipeline in case the 
pipeline is drained. They safeguard the pipeline against internal collapse when thus 
emptied. A surge tank or surge chamber is built near the mouth of the pressure tunnel 
to relieve the pipes of undue inertia pressure set up in the tunnel when the flow is 
checked following a reduction of load. Should this pressure exceed a predetermined 
amount, water merely spills over the lip of the surge lank. The surge tank also provides 
a reservoir of water that can be drawn upon when the load on the turbine suddenly 
increases. At every point of deviation of the pipelines, either in the horizontal or the 
vertical plane, anchorages are constructed with expansion joints provided immediately 
below. The powerhouse itself is located as close as possible to the lower reservoir 
into which the tail race discharges. 

In medium-head installations, a nearly horizontal open canal or conduit may be 
carried along the side of the valley as far as the powerhouse site. A relatively short 
pressure pipe, often called a penstock, leads to the turbine. 

A typical pumped-hydro system of a conventional design is shown in Fig. 16-6. 

Underground Pumped Hydro 

To overcome the requirement of a suitable topography, underground pumped hydro 
is being considered in this system. The upper reservoir may be at or near ground level. 
The lower reservoir is placed underground in natural caverns, old mines, or other 
underground cavities. Such a system is shown in Fig. 16-7. 



l^lgure 16-6 Schematic of a conventional above-ground pumped-hydro storage system. 
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Upper 





Figure 16-7 Schematic of an underground pumped- 
hydro storage system. 


In all systems, a principal piece of equipment is a reversible pump-turbine or 
motor-generator set or sets. The excess electric energy supplied by the primary power 
station during off-peak hours is used to drive it in the motor-pump mode to pump 
water from the lower to the upper reservoir. During periods of peak demand, the 
system reverses to the turbine-generator mode to generate the excess electricity needed. 
(Some old installations use separate conventional pumps and turbines rather than 
reversible machines.) 

The losses in pumped-hydro systems include motor and pump losses and flow 
losses during upflow; seepage into ground, leakage from pipes and equipment, and 
evaporation during storage; and turbine and generator losses and flow losses during 
downflow. The combined efficiency of a pumped-hydro system, called the turnaround 
efficiency, is defined as the total energy output divided by the total energy input during 
a charge-discharge cycle. In most plants, the turnaround efficiency is in the neigh¬ 
borhood of 65 percent. Pumped-hydro systems are rated according to their power 
output, usually in megawatts (MW). The maximum power output in the turbine- 
generator mode is usually greater than the maximum power input in the motor-pump 
mcxle, but operation in the latter lasts longer than the former, so the input energy is 
greater. (Recall that energy = power x time.) 


16-4 COMPRESSED-AIR STORAGE 

Compressed-air energy storage is analogous to pumf)cd-hydro energy storage. Whereas 
in the latter excess energy generated by a base-loaded plant during penods of low 
demand is used to increase the potential energy or hydrostatic pressure of water, 
compressed-air energy storage compresses and stores air in reservoirs, aquifers, or 
caverns. The stored energy is then released during pieriods of peak demand by expansion 
of the air through an air turbine. In general, the turnaround efficiency of compressed- 
air storage is comparable to that of pumped-hydro storage. 

Reservoirs 

The underground compressed-air reservoirs are subjected to repeated fluctuations in 
pressure, humidity, and temperature. The long-range effects of such fluctuations remain 
to be determined. Usually multiple reservoirs, operating in parallel, serve one storage 
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system. Three types of reservoirs show the most promise [155]; (1) salt caverns, (2) 
aquifiers, and (3) hard-rock caverns. 

Salt caverns These have been used in the past to store petroleum products. Research 
so far indicates that they are stable under compressed-air storage loadings for the 
duration of plant life. The major concerns are cavern geometry, size and spacings, 
long-term creep and creep-rupture of rock salt, and air leakage. 

Aquifers These are naturally occurring porous-rock formations. They have been used 
for natural gas storage for over 50 years but with annual rather than daily cycling. 
The effects of the different physical properties of air and its oxygen and the high 
temperatures of storing remains to be evaluated. Among other concerns are cyclic 
fatigue of the porous rock, air-water interface movement (water is usually present in 
aquifers), and the generation and transport of fine particulate matter. 

Hard-rock caverns Because of their size these require water-compensating surface 
reservoirs to maintain air pressure and therefore are more costly than the two reservoir 
types above. However, they are believed to be most stable in the absence of severe 
temperature fluctuations (50°C). The major concerns here include the effervescence 
of air in the water shaft (called the champagne effect), hard-rock properties under 
cyclic conditions, and the residual strength of hard rock after an initial failure. 

Adiabatic and Hybrid Systems 

When air is compressed for storage, its temperature will rise (since it is a compressible 
gas) according to the relationship 



where T and P are the absolute temperature and pressure and the subscripts 1 and 2 
refer to before and after compression, respectively, n is the polytropic exponent for 
the nonreversible compression process. 

The heat of compression may be retained m the compressed air or in another heat- 
storage medium and then restored to the air before expanding through the turbine. 
This is called adiabaiic storage and results in high storage efficiency. Recall that at 
a given pressure ratio, turbine work is directly proportional to the inlet absolute 
temperature (Chap. 8). Recall also that constant-pressure lines on a temperature-entropy 
diagram for gases diverge at high temperatures so that isentropic work, equal to the 
vertical distance between any two constant-pressure fines, increases with temperature. 
Restoring the heat to the air also prevents the turbine parts from freezing if low- 
temperature air is allowed to expand through it. If the heat of compression is allowed 
dissipate, additional heat could be added by fuel combustion to retain the high 
storage efficiency, but the results would be extra expense and maintenance problems. 
This is called a hybrid system. 

Figure 16-8 shows a simple adiabatic compressed-air energy-storage system. The 



682 POWERPLANT TECHNOLOGY 



Figure 16-8 Schematic of a simple single-stage adiabatic compressed-air energy storage system with pres 
sure-compcnsation pond C = compressor. T - turbine, MG = motor-generator set, P - packed-bed 
thermal-energy storage, /? = air-storage reservoir 


main plant is not shown. During off-peak hours, electric energy from the main plant 
generator is used by the motor-generator set (MG) operating in the motor mode to 
drive the compressor (C). The compressed air passes first through a packed bed (P) 
for sensible thermal-energy storage (Sec. 16-7), then to a constant-pressure under 
ground reservoir (R). The constant pressure is obtained by displacing water to a 
pressure-comjjensation pond that has a nearly constant head above the reservoir. During 
peak hours, air from the reservoir flows through the packed bed picking back sensible 
heat, then through the air turbine that now drives the motor-generator set in the 
generator mode. Clutches (Cl) separate the compressor during peak (generation) periods 
and the turbine during off-peak (storage) jjeriods. 

As expected, the air-reservoir (cavern) volume is a strong function of the storage 
pressure. For a peak unit capacity of 1500 MWh that volume is estimated at nearly 
2,000,000 m^ for 10 bar, or 64,000 m^ for 100 bar storage pressures. The packed bed 
thermal-energy storage volume is about a tenth of that of the storage reservoir in most 
cases. Thus to reduce storage volume and hence cost, operation at high pressure is 
necessary. 

Example 16-1 Calculate the airflow, compressed-air temperature, and storage 
volume for a 1500-MWh peaking unit charging for 7.5 h. Assume compressor 
inlet is at 1 bar and 20°C, compressor exit at 100 bar, a compressor polytropic 
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efficiency of 70 percent, a peaking turbine efficiency of 60 percent, and a constant 
specific heat for air = 1.05 kJ/(kg • °C). The air-gas constant R = 284.75 kl/ 
(kg • K). 


Solution For a compressor polytropic efficiency of 70 percent and constant 
specific heat 

0.7 = ~ ~ 

hi — hi Ti — Ti 


where the subscripts 1 , 2 , and 2s are for compressor inlet, exit, and isentropic 
exit conditions, respectively. 


Tis 



I)/* 


= (20 + 273) 


(t)'" 


l)/i 4 


1092 K = 819°C 


T2 


819 - 20 
0.7 


+ 20 = 1162°C 


(This corresponds to a polytropic exponent n = 1.5266.) 

For a turbine output of 1500 MWh 

1500 

Storage capacity = = 2500 MWh 

2500 X 3.6 X 10^ 

Mass of air required = -— 7 --—- = 7.5 x 10®* kg 

^ 1.05(1162 - 20) ^ 

Assuming air is stored in the cavern at 100 bar (10^ Pa) and 20°C 

7.5 X 10^ X 284.75(20 + 273) 


Total volume needed = 


10 " 


= 62,575 m^ 


Average air flow to cavern during 7.5 h of charging = 8343 m^/h 


It can be seen that a system such as that described above requires a very large 
compressor with an inlet airflow at 1 bar of about 834,000 m^/h (—490,000 ft^/m), 
capable of an exit pressure of about 100 bar (1450 psia), and an exit temperature of 
more than 1 100°C (—2000‘^F). Such compressors or combination of compressors need 
to be developed before a large utility compressed-air energy-storage system can be a 
reality. 

A method of reducing the above temperature is the so-called two-stage compressed- 
^r energy-storage system. It employs two compressor-motor-generator-turbine sets. 


The Huntorf Compressed-Air Storage System 

The first compressed-air storage system to be built is a 290-MW plant designed by 
Brown Boveri and built at Huntorf, West Germany (156]. It provides storage for the 
Nordwestdeutsche Kraftwerke (NWK) utility of Hamburg. The plant (Fig. 16-9) has 
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Figure 16-9 The Hunlorf hybnd air-storage gas-turbine powciplanl. I = intercooler, A = aftercooler, 
CC = combustion chamber, mass-flow rates: mi = 0.9 to0.25mi [155]. 


been in operation since 1978. It uses two 150-m-high salt caverns with a total volume 
of 300,000 created by leaching a salt dome at a depth between 650 and 800 m 
below ground. The system is composed of a motor-generator set connected by clutches 
to a three-stage compressor with intercoolers and a two-stage gas turbine with reheat 
It is of the hybrid variety that requires heat addition prior to the gas turbine. 

In the storing mode, the compressor pumps atmospheric air into the caverns, 
where it is stored at 50 to 70 bar (725 to 1015 psia). In the generation mode, the 
stored air, reduced in pressure to 46 bar (667 psia), enters a natural gas-fueled com 
bustion chamber before the high-pressure section of the gas turbine. Reheat is accom 
plished by a low-pressure natural-gas burner. Storage occurs daily for about 8 h, 
generation for about 2 h. The compressor and turbine are each sized independently to 
suit the power requirements during these periods, an advantage over the usual gas- 
turbine cycle in which the compressor absorbs more than two-thirds of the turbine 
output. 

Huntorf has shown good availability exceeding 98 percent at times and good 
reliability. The caverns have shown no detectable creep or stability problems. 

In the United States, a 220-MW compressed-air energy-storage system is in the 
planning stages by Soyland Power Cooperative of Decatur, Illinois. It will have hard- 
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rock reservoirs, with water-compensating surface reservoirs. Siting studies have been 
conducted by Batelle Pacific Northwest Laboratories. Brown Boveri has been awarded 
the contract for the electrical and mechanical equipment. Soy land hopes to have the 
plant in qxsration by 1985, and they estimate a savings due to energy storage of $34 
million (in 1981 dollars) over the first 16 years of operation. 


16-5 ENERGY STORAGE BY FLYWHEELS 

Flywheels store off-peak energy as kinetic energy. They have been used extensively 
to smooth out power pulses from reciprocating engines. They are physically connected 
to the engine crankshafts and are larger the smaller the number of cylinders per engine. 
(They, for example, were very large for old single-cylinder steam engines.) They 
operate by storing some of the energy given by the cylinders and releasing it during 
periods of no power pulses so that the speed and power delivery of the crankshaft are 
steady and continuous. More recently interest in flywheel energy storage has been 
generated by motor vehicle designers. In the so-called hybrid automobile, for example, 
the flywheel stores some of the energy of the gasoline engine during periods of low 
vehicle demands and releases it during periods of high demands, such as during 
acceleration, hill climbing, etc., and thus operates the engine at a more steady and 
hence more efficient output.* 

The use of flywheel energy storage by utilities was tried only a few years ago. 
In this the flywheel rotor is physically connected to a motor-generator set. In the 
charging mode, during off-peak periods, the motor adds energy to the flywheel. In 
the generation mode, during periods of peak demand, the flywheel rotor coasts driving 
the generator. 

The fluctuations in speed caused by torque variations arc reduced to a minimum 
by the use of flywheels. As kinetic energy is proportional to the mass times velocity 
squared, the changes in velocity from the addition or subtraction of kinetic energy arc 
reduced by the use of a large mass. Conversely the energy stored in a flywheel can 
be increased by increasing the velocity. The velocity of a flywheel is defined as iTtRn. 
The energy stored in a flywheel is equal to the kinetic energy, given by 

E = — m(27rRny = (16-7) 

2 gr gc 

where E = energy, ft ■ lb/or J 

m = mass of flywheel, lb„, or kg 

gc = conversion factor = 32.2 lb„ • ft/(lb/ ■ s^) = 1.0 kg/(N ■ s^) 

* Other uses for flywheels include: a bus clcctrogyro, which is recharged at bus stops; regenerative 
l^raking of subway cars that provides acceleration upon start; electrically powered earth movers to limit 
P®4k-power demands; elevator drives including regenerative breaking; and plasma physics experiments to 
provide very high power peaks. 
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R = radius of gyration,* ft or m 

n = revolutions per second = (r/min)/60 

The energy E absorbed (or released) by a flywheel between speeds of rotation ai, 
and ^2 is thus given by 

AE = - mR\nl - n?) (16.g) 

8c 


The ratio of the variation in rotational speed to the mean speed n is called the 
coefficient of speed fluctuation k,, given by 


where 


ks 

n 


n2 - ni ^ Ijnj - n^) 
n /ii + ^2 

n2 

2 


( 16 - 9 ) 

( 16 - 10 ) 


Combining Eqs. (16-8) through (16-10) results in 


417 ^ 

^E = - ksmRW 

gc 


( 16 - 11 ) 


The value of the coefficient k^ depends upon the desired closeness of speed reg¬ 
ulation. For engines, it may vary from 0.005 for fine to .2 for coarse regulation. Thus 
for a given energy absorption A£, m and/or/?^ must be high for close speed regulation. 

Another important consideration in flywheel design is the stress level a flywheel 
rotating at very high speed is subjected to. The theoretical maximum specific energy 
(energy stored per unit mass) is dependent upon the stress-to-density ratio and is given 
by [157]. 


where 


(-) = 3.77 X 10 -X- < 16 - 12 ) 

V^/ nriax P 

E/m = specific energy, kWh/ lb,„ 

k„ = mass-efficiency factor, dimensionless 

cr = allowable stress, Ib/ft^ 

p = density, Ibv'ft^ 


* The radius at which the total mass is considered to be concentrated. For a disc of uniform density p. 
uniform thickness /. and outer radius Ro, with r as a variable radius between 0 and Ro. 

rKc 1 I 

I —(27rr dr rpK2Tn7i)^ = —(irR^pX2nRn)^ 

2gc gc 

from which R *= Roh/2 = 0.7071^o. Another use of the radius of gyration is in calculating the moment 
of inertia I = /ti. 
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Ic^ expresses how well a particular flywheel design utilizes the material strength, 
being a maximum if the stress is uniform throughout the flywheel. The maximum 
values of are 1.0 in optimum designs with isotropic materials, where radial and 
tangential stresses are uniform and equal, and 0.5 in optimum designs with materials 
where only one stress direction can be utilized, such as fiber-reinforced composites. 
These two maximum values are obtained only in very slender designs where the energy 
absorbed per unit volume is minimal. In realistic designs k„ and the specific energy 
are reduced in order to reduce space, mass, and the cost of the safety shield and gas 
or vacuum chamber (below). The volumetric specific energy, energy per unit volume, 
IS given by 



= 3.77 X 




(16-13) 


where 


E/V = volumetric specific energy, kWh/ft^ 

= volume-efficiency ratio, dimensionless 


ky expresses how well a particular flywheel design utilizes the material strength 
and fills the cylindrical volume around the flywheel. For a uniform-density material, 
k, equals krr^ times the fraction of that cylindrical volume occupied by the flywheel. 

The principal parameters that determine the suitability of flywheels for energy 
storage are the two efficiency ratios k„ and k^ as well as the stress and density. The 
values of k„ and k^ depend upon the type of material (isotropic, uniaxial composite, 
variable density) as well as flywheel shape (disc, drum, rod). Figure 16-10 shows the 
relationship between k^ and k,. for high-performance flywheel designs. 

The strength-density ratio cr/p is high for such materials as glass or silica fibers. 
However, inevitable manufacturing flaws, which also tend to grow because of stress 
corrosion, cause these high values to be realized only for short periods or at cryogenic 
temperatures. Cyclic operation expected in energy storage and release also causes 
fatigue and growth of small flaws and cracks and is expected to be strength-limiting 
for most materials. 

Vibrational frequencies, coupled with high-cycle fatigue, are also expected to be 
strength-limiting, especially for slender designs such as thin discs or hoops. Thus the 
suitability of a design for energy storage depends on the design, on the material, and 
on the extent of manufacturing flaws and the methods for detecting and reinspecting 
them—in other words, the stringency of the quality control standards. 

Materials for energy-storage flywheels must have high strengths, high strength- 
density ratio, high resistances to cyclic-crack growth, and high strength density-to- 
cost ratios. Those under consideration include some alloys, such as the so-called 
maraging steels, and more promising, composites such as fiber-reinforced plastics. 
One composite that shows particular promise is a 62 volume percent S-glass in epoxy 
composite. It has a density of 122.7 IbJfV, an estimated working stress of 21 x 10* 
Ib/ft^ for 10* cycles (16 x 10* for [O’ cycles), a stress-density ratio of 170,000 (lb/ 
ft^)/(lbJfV) for 10* cycles (130,000 for 10* cycles), and a cost based on volume 
production of $0.80/lb„. Other attractive composites are graphite-epoxy and kclvar- 
epoxy [157]. By contrast maraging steel has a density of 500 Ib/ft^, a working stress 
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Figure 16-10 Relalionship between the mass- and 
volume-efficiency ratios for high-perfonmance fly 
wheel designs (157], 


of 14.5 X lO^lbyft," and a stress-density ratio of 29,000, all for 10^ cycles, and a 
cost of $3/Ib^. 

Flywheels for energy storage are systems that include, besides the flywheel itself, 
a number of subsystems. These are a housing; bearings, with ball beanngs believed 
the most suitable, a vacuum pump to minimize windage losses inside the housing; 
seals to minimize oil and air leakage into the vacuum chamber; and sometimes a 
containment ring to protect nearby personnel and equipment from flying fragments in 
case of flywheel rotor fracture. 

Losses in a flywheel energy-storage system include windage, bearing and seal 
friction, vacuum pump input power, and eddy current (hysteresis) and other ineffi 
ciencies in the motor generator (or in transmission systems). In early designs these 
losses were prohibitively large, and much developmental work still needs to be done 
to arrive at a technically attractive system. 

A NASA conceptual design for a flywheel electric-energy storage system that has 
nearly zero losses is shown in Fig. 16-11. It is designed for a 10,000-kWh substation 
The flywheel rotor, made of a filamentary anisotropic composite material to achieve 
high strength to mass ratio, has inner and outer diameters and height of 14, 20, and 
10 ft (4.27, 6.1, and 3.05 m), respectively. It weighs 735,(XX) lb,„ (333.4 metric tons) 
and rotates at 1250 r/min. To eliminate rotor-bearing friction, the rotor is magnetically 
levitated by permanent magnets that are incorporated in the stator with sets of teeth 
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Figure 16-11 A NASA conceptual design of a 10-MWh-capacity flywheel energy storage system. 


on both rims facing each other to maintain axial alignment. Alignment in the radial 
direction is provided by a set of electromagnets in shunt with the permanent magnets. 
Optical censors situated along the air gap monitor any radial eccentricity and supply 
an error signal to the electromagnets to correct the eccentricity. 

To eliminate losses from hysteresis and eddy currents, normally present in iron 
armatures, an ironless motor-generator armature is provided. A contactless electronic 
commutator is used to control current flow in the motor-generator coils. A permanent 
magnet in the stator produces a magnetic flux in the gap between rotor and stator. In 
the motor mode, alternating current is applied to the armature via the electronic 
commutation that interacts with the flux to produce the necessary force on the rotor. 
In the generator mode, commutation diodes are connected to the proper phases of the 
armature coil. 

Windage losses are virtually eliminated by operating the flywheel in a sealed 
evacuated enclosure (vacuum chamber) pumped down to 10"^- to ICT^-torr (1.33 X \ 0 ~^ 
to 1.33 X bar) pressure. A safety rotor ring is provided. In addition, the entire 
system is to be located below ground. 


16-6 ELECTRICAL BATTERY STORAGE 

The familiar lead-acid battery used in motor vehicles is a direct-current battery. It 
contains a number of voltaic cells (six in a 12-V battery, for example) that are connected 
•n series. Each cell contains several lead plates, connected in parallel, made of grids 
that are filled with a sjxjngy gray lead, Pb, and which form the anode. Alternating 
^ith these arc plates of similar design but containing lead oxide, Pb 02 , which form 
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the cathode. All plates are immersed in a water solution of sulfuric acid H 2 SO 4 , which 
acts as an electrolyte. The electrolyte of each cell is housed separately in its com¬ 
partment. 

In the discharge mode, direct current is generated. The lead in the anode oxidizes 
to Pb^'^ ions that immediately precipitate on the plates as lead sulfate PbSO^ Xhe 
lead oxide in the cathode reduces to Pb^'^ that also precipitates as PbS 04 . The elec- 
trcKhemical reactions are 

Anode: Pb(.0 -I- SO 5 > PbS 04 ( 5 ) -H le^ (16-14(;) 

Cathode; PbO:(5) + 4H"(rz^) + SO^ (u^) + 2^ -> PbS 04 ( 5 ) + IH.Oiaq) 

( 16 - 14 /;) 

where (.0 and {aq) indicate solid and liquid (aqueous) conditions, respectively, 

Thus during discharge all plates are slowly covered by PbS 04 , which replaces 
the lead in the anode and the lead oxide in the cathode, and the concentration of 
sulfuric acid in the solution slowly decreases. For each molecule of Pb, two molecules 
of H 2 SO 4 (4H^ and 2SOi ) are replaced by two molecules of water ( 2 H 2 O). This is 
why the extent of charge of a lead-acid storage battery can be checked by measuring 
the density of the electrolyte; low density indicates low sulfuric acid concentration 
and a partially discharged cell. 

In the charge mode, the battery can be restored to its original condition by reversing 
the direction of the current (and electron flow). The reactions represented by Eqs. (16- 
14) are simply reversed. The charging current must be obtained from a dircct-currcni 
generator (as in older vehicles) or by an alternator equipped with a rectifier (as in 
modem vehicles). 

The lead-acid battery, then, can be charged and discharged over many cycles and 
has been widely used to satisfy motor vehicle starter, instruments, lights, and other 
accessory requirements. Their use as the pnme movers of all-electrical vehicles, where 
they would power dnve motors and get charged while idle, as dunng the night, has 
run into several main drawbacks. These are unacceptable energy-mass and energy 
cost ratios and low cycle life, in which they are almost fully discharged and recharged 
These same drawbacks have prevented their use as energy-storage systems for large 
utility purposes. 

The lead-acid battery is therefore limited to the small specialized uses it no\^ 
enjoys for which the relatively low energy-mass ratio and the high cost of chemical'' 
are not cmciai factors. 

Research and development has been going on for a number of years to develop 
advanced storage-battery systems that would have greater energy-mass ratios, lower 
costs, and greater cycle life. One of these is the nickel-cadmium battery, which uses 
a nickel hydroxide cathode, a cadmium anode, and a potassium-hydroxide-solution 
electrolyte. This battery is characterized by low mass and is primarily used in portable 
equipment such as radios and cordless appliances. Another is the silver-zinc balK^ 
which uses a solution of potassium hydroxide, saturated with zinc hydroxide, as an 
electrolyte. It has a high energy-mass ratio but also a high cost. It is primarily usetl 
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in applications in which low mass is more important than cost. It also suffers from 
low cycle life, with only 30 to 300 charge-discharge cycles reported for some designs. 

Battery systems that are potentially more suitable for utility applications, however, 
use soluble or liquid reactants and operate at temperatures other than atmospheric. 
The ones with the most promise at present are; 

1 Sodium-sulfur batteries. Tliese use molten sodium as one electrode, a sulfur and 
sodium sulfite mixture as the other, and a solid aluminum oxide electrolyte. They 
have a high energy-mass ratio and operate at temperatures of about 250°C (480°F). 
This relatively low temperature allows the use of Teflon seals and aluminum or 
glass containers. These batteries have a long cycle life because of the lack of solid- 
solid transformations. The low mass makes the sodium-sulfur battery a contender 
for the battery of the electrical car of the future. 

2. Lithium-chlorine and lithium-telluride batteries. These are less developed than 
sodium-sulfur batteries but have similar favorable characteristics, 

3. Zinc-chlorine batteries. Here a zinc chloride solution is pumped through graphite 
cells on which the zinc is deposited and the chloride is liberated in gaseous form 
that is drawn away, cooled in a heat exchanger, and stored in a separate tank. 
Chlorine, being toxic, is stored as a relatively harmless icy slush. In the generating 
mode, the chilled chlorine is pumped as a solution back to the cells where it reacts 
with the zinc to produce electricity. The Gulf and Western Company had originally 
developed this battery for the purpose of utility-type energy storage but has initially 
adapted it to a motor vehicle. (In one test, it ran a car for 175 mi at 42 mi/h). This 
battery has the advantage of constant electric output that does not drop off during 
discharge as is the case with most other batteries, for as long as there is chlorine 
in the storage tank, the battery system develops essentially constant power. The 
system is of course more complex than can be tolerated for personal automobiles 
because of the need for a complex charger, pumping, and heat-exchanger equip¬ 
ment. 

The turnaround (charge-discharge) efficiencies of most batteries are good, about 
70 to 80 percent, compared with some 60 percent for pumped hydro. However, it is 
clear that at this time high-energy, low-mass, long-cycle-life batteries of a type that 
would meet large utility peak-load demands are still not commercial realities. 


16-7 SUPERCONDUCTING MAGNETIC ENERGY STORAGE 

In 1911, the dependence of the electrical resistance of metals on temperature was 
observed by the Dutch physicist Kamerlingh Onnes. In his investigations, he also 
discovered that the electrical resistance of mercury dropped suddenly to zero when it 
cooled to within a few degrees of absolute zero, a phenomenon which Onnes 
called superconductivity. 

Other metals exhibit the same phenomenon. The temperature below which they 
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become superconductive is called the transition or the critical temperature. All su 
perconducting metals have transition temperatures in the cryogenic* range. The phe¬ 
nomenon arbitrarily has found many applications, and cryogenic engineering has be 
come a specialized science as well as an industry all its own. Besides sup)erconductivity 
cryogenic applications can be found in medicine (cryogenic surgery, cryogenic oph¬ 
thalmology, etc.), food preservation, pollution control, and other areas. 

In 1970, the main application was the construction of superconducting electro¬ 
magnets. These were experimentally used for magnetohydrodynamic power generation; 
bubble chambers to cool electrical generators, motors and transformers; and electric 
power transmission and distribution. The latter application promises no-loss trans 
mission. In the 1970s it was determined that it can best be accomplished by the use 
of high-purity aluminum cables operating at liquid hydrogen temperatures 20 K (- 253T, 
-423°F). Commerical success depends upon whether the metal, the gas, and the 
refrigeration systems can be acquired and operated economically. 

Superconducting magnetic energy storage is a concept that initially received at 
tention for pulsed energy storage in which the charge and discharge times have been 
short. It subsequently became apparent that such a concept is suitable for large-scale 
energy storage by an electric utility 1159). The concept is based on the principle that 
energy can be stored in the magnetic field associated with a coil, If the coil is made 
of a material in a superconducting state, i.e., maintained at a temperature below its 
critical temperature, then once it is charged, the current will not decay and the magnetic 
energy can be stored indefinitely. The stored energy can be released back to the network 
by discharging the coil. 

The energy E stored in a coil in which a current / circulates is given by 

E = (16-15) 

where £ = energy, J (joule = watt x second) 

L ~ inductance, H [henry = (volt x second)/ampere| 

/ = current, A (ampere) 


* The icrm is derived from ihc Greek kr\o, which means “icy cold or frost ” Cryogenics is said to havL 
been born in 1877 with the liquefaction of small quantities of oxygen at 90 K ( - IS.I^C, - 298''F) In 1W8, 
helium was first liquified at 4.2 K, though a commercial method for liquifying helium was not developed 
until 1947. Goddard used liquid oxygen to propel a rocket in 1926. Germany used it on a large scale U' 
pwopel V-2 rockets during World War 11, an application that brought cryogenics to the attention of 
worid. It is now widely used in the space program Modem techniques can produce temperatures to within 
a minute fraction of a degree of absolute zero The cryogenic range has been arbitrarily defined as extending 
from absolute zero, or 0 K ( - liyc, - 460^), to an upper limit of 123 K ( - 150‘’C. - 238°F), although 
most of the research has been done below the boiling point of oxygen, about 90 K. The range is considerabl) 
below normal refrigeration temperatures. Besides electrical resistance, other material, physical, and chemical 
properties such as strength, ductility, and thermal conductivity are also greatly affected when they reach 
cryogenic temperatures. 
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The inductance L of a coil is a function of its dimensions, which are characterized, 
for a coil with conductors of a rectangular cross section (Fig. 16-12) by 

2R 


e = 

—= 


(16-16) 


V ab 


8 = 

a 



b 


(16-17) 


V = 

lirRab = 

e 

(16-18) 


and 

^here ^ ^ mean radius of coil, m 

a and b = width and depth of conductor, m 

V = volume of conductor in one coil turn, m^ 

and L is given by 

L = M8)RN^^ 

where function having the units (V ■ s)/(A ■ m) 

N = number of turns of coil 

The energy stored in a coil, Eq. (16-15), can now be written as 




Using a current density j given by 


W 

ab 


(16-19) 


(16-20) 


(16-21) 



Figure 16-12 Dimensions of a cylindrical coil with rectangular con¬ 
ductors. 
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gives 


4 


(16-22) 


A coil that gives the maximum value of inductance to volume L/V is called a Brooks 
coil [160]. It has the dimensions 


a = b and R = -b (16-23) 

so that for a Brooks coil, 8 = 1, f = 3, and the energy stored in it Eg is given by 

Eb = 3.028 X 10-« (16-24) 

For a cylindrical coil, other than Brooks, the energy E is given as a fraction 
Eq. (16-24), by a factor F less than 1.0 


F = 


Eb 


(16-25) 


F is ^ function of f and 8 of the particular coil and is given in Fig. 16-13. 

An important parameter is the volume of material per unit energy stored. This is 
given by 


V _ _V^ _ 0.33 X 10" 
E~ FEb~ FV^Y 


(16-26) 


where for a Brooks coil F = 1.0. Equation (16-26) demonstrates the economy of 
scale of coils as the cost of the coil is proportional to its volume and thus the cost per 



Hgurc 16-13 Lines of consunt factor F relating energy of a cylindrical coil to that of a Brooks coil 



ENERGY STORAGE 695 


unit energy stored is inversely proportional to its volume to the power 2/3 and to the 
current density squared. The current density is, however, limited by stability consid¬ 
erations to values between 50 x 10^ and 100 x 10^ A7m^ 

The main mechanical design problem in magnetic energy storage arises because 
of the need of a very large structural mass to contain the magnetic field energy. This 
causes a large radial outward force from the solenoid. The mass is proportional to the 
material density and the stored energy, and is inversely proportional to the stresses. 
Such mass, if made of stainless steel, would amount to about 160 kg/kWh and result 
in unacceptable costs [161]. This consideration led to the selection of bedrock as the 
structural material with an excavated circular tunnel that would bear the radial outward 
force and transmit it to the surrounding bedrock. 

Figure 16-14 shows an artist’s sketch of a section of a proposed 5500-MWh 
magnetic storage system in which the superconductors are cooled in dewar by superfluid 
helium (He-ll)* at 1 atm pressure and 1.8 K. The total structure is a low-aspect ratio 
cylinder that has an inner diameter of 1.57 km, a height of 15.7 m, and a thickness 
of 5 m. The solenoid has 112 turns and carries a 765,000-A current. The conductors 
are made of aluminum plus NbTi. The struts are made of fiberglass epoxy. The ripples 
in the conductor and dewar walls are designed to counteract excessive motion on cool 
down and to reduce rpagnetic tensile loads. The system has a total radial force of 
3.1 X 10‘° N, a total axial force of 3.1 x 10” N, and an average radial pressure of 
about 4 bar. 

The energy transfer between the three-phase ac current from the grid to the dc 
magnet is accomplished by an ac-dc power converter and inductor using a Graetz 
thyristor bridge circuitry. The turnaround efficiency (charge-discharge) of this circuitry 
is said to be greater than 95 percent. 

Much of the activity of magnetic energy storage for utility use has taken place in 
the USA and Japan. A 1-MWh demonstration unit was planned to be built in Japan 
for the International Science Exposition to be held in Tsukuba Science and Education 
City in 1985. It would have 12 coils carrying 5(X)0 A, an inductance of 288 H, and 
major and minor radii of 6.9 and 3.5 m. This plan has now been dropped in favor of 
a larger 10-MWh unit planned for later construction. 


16-8 THERMAL SENSIBLE ENERGY STORAGE 

Sensible energy storage is the first of the thermal-energy storage systems to be dis¬ 
cussed. In general, thermal-energy storage systems can operate at many desired tem¬ 
perature levels depending upon use and choice of system and material, ranging from 
rcingeration tem|>eratures to 1250°C. They have found wide use in many industrial 
applications, such as in the manufacture of cement, iron and steel, glass, aluminum, 


* Helium becomcjk a liquid at 4.2 K and is called helium I. The isotope He^ (99.99987 percent of all 
helium) behaves unusually below 2.17 K. the so-called lambda point. It becomes a supcrfluid, called helium 
If thac has a thermal conductivity three or four orders of magnitude better than copper at low temperature 
3nd surface heat-transfer characteristics about an order of magnitude better than He-I. 




Figure 16-14 Artist’s conception of a section of a proposed 5500-MWh magnetic energy storage unii 
{Courtesy of the University of Wisconsin Applied Superconductivity Center.) 


paper, plastics and rubber, and in fexxi processing. Here we will deal with powerplant- 
rclatcd thermal-energy storage, in particular the Rankine-type steam-generator-turbinc' 
condenser cycles. 

Sensible energy storage is accomplished by raising the temperature of a matenal, 
such as water, an organic liquid, or a solid. The storage density, J/m^ or Btu/ft 
equal to the product of the temperature difference, the specific heat, and the density 
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of the material chosen. This system is simple in concept but has the disadvantages of 
variable temperature operation and relatively low storage density. Depending upon the 
coefficient of thermal expansion of the material, large volume changes may be en¬ 
countered. Sensible energy storage could employ one of the following devices: 

1 pressurized-water storage 
2. Organic liquid storage 
3 Packed solid beds 
4. Fluidized solid beds 

Figure 16-15 shows an example of pressurized-water sensible energy storage [162] 
system in a powerplant in which the primary heat source is either a nuclear reactor or 
a fossil -fueled furnace. The base-loaded portion of the plant is capable of supplying 
more steam than needed during periods of low demand. The excess steam is bled at 
high pressure via turbine extraction (as in feedwater heating) during these periods of 
low demand. This extracted steam is fed to steel accumulators and mixed with water, 
thus producing saturated pressurized water. The accumulators are later discharged 



figure 16-15 Schematic flow diagram of a powerplant with a pressurized-water sensible energy storage 

system. 
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through a small peaking turbine during periods of high demand. Discharge continues 
until a low specified pressure is reached in the accumulators. It has been seen that this 
results in low and varying steam temperature entering the peaking turbine. Typical 
values of accumulator high and low pressures are 20 bar, corresponding to a saturation 
temperature of about 212°C (414°F), and 2 bar, corresponding to a saturation tem¬ 
perature of about 120°C (248°F). Note that while this system involves steam condensing 
in water during accumulator charge and reevaporating during discharge, the storage 
medium is the pressurized water in the accumulators and operates over a relatively 
wide temperature range. Hence it is an example of sensible rather than latent energy 
storage (Sec. 16-9). The system is sometimes referred to by the misnomer “steam 
storage.” 

The storage density of the thermal energy utilized in the peaking turbine per unit 
volume of the higher-pressure saturated water is given by 

Storage density = —(V.i “ V.2) ( 16 - 27 ) 

'-y.i 

where Vf and hf are the specific volume and enthalpy of saturated water, respectively, 
and the subscripts 1 and 2 refer to the stored and emptied pressures, respectively 
Using the steam tables (SI units), App. A, the storage density for 20 and 2 bars is; 

Storage density = q qq 1 (908.5 - 504.8) = 343,107 kJ/m-^ 

= 95.3 kWh/m^ = 2.7 kWh/ft^ 

Over the range of temperature cited these correspond to about lkWh/(m^ • °C), 
0.016 kWh/(ft^ • °F), and 55.6 Btu/(ft^ • T). The electric-energy density obtained by 
the peaking turbine-generator depends upon two efficiencies. The first is thermal 
turnaround efficiency 17 ^., and the second is the peaking turbine-generator efficiency 
r}p. The former is a complex function of the losses associated with sensible heat transfer 
to and from the steel walls, structural members of the accumulators, and interconnecting 
pipework, and the time-dependent convective heat losses to the environment. 

The portion representing the ratio of energy stored in the accumulator structure 
to that stored in the contained water at a given pressure can be shown to be obtained 
by noting that the thickness t of a cylinder of diameter D is given by DPlla, and 
hence the ratio for a cylinder height L would be represented by 

. =2(t\P^ ( 16 - 28 ) 

{nDV4)LpfCf \a-/ pfCf 

where P is the pressure, <t the wall stress, p the density, and c the specific heat. The 
subscripts s and /denote solid and liquid, respectively. The volumetric heat capacities, 
given by the product pc, are roughly equal. The ratio P//is of the order of 0.03 for 
steel. Thus the contribution of losses by sensible heat transfer to the walls is rather 
minimal and may be ignored. 

The convective heat losses from the water to the environment are therefore the 
major contributor to the thermal turnaround efficiency. They vary with time and depent^ 
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upon the water temperature and the overall heat-transfer coefficient V between the 
water and the outside environment. The time constant t of the system is given by the 
product of heat capacity and heat-flow resistance. Thus 


T 




^ 9m 

AV 


(16-29) 


If the temperature of the liquid at fully charged conditions is Tj, its time-dependent 
temperature of T{S) decreases with time 8 following fully charged conditions at (time 
zero) due to heat losses alone (no energy withdrawal) (Fig. 16-16). Assuming a lumped 
capacity system, common in transient heat-transfer calculations where the external 
heat-flow conductance is low compared with the internal heat-flow conductance (low 
Biot number), T{0) is given by the familiar equation 


ne) - T, 
r. - r, 


e 


- dir 


(16-30) 


where is the environmental temperature. Assuming a storage period of 6, at which 
the water temperature decreases to 7, 

T — T 

^^ = 1 - (16-31) 

T.. - 7 , 

The thermal turnaround efficiency is given by the energy left in storage at 7, after 
heat losses divided by the original energy stored. Thus 


= 



(16-32) 
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where hi, / 12 , and h, are the compressed liquid enthalpies at Tj, T 2 , and T,, respectively 
Assuming, for simplicity, equal specific heats over the temperature ranges in question 



Combining Eqs, (16-31) and (16-33) 

T?.. = I - ^ -^(1 - (16-34) 

It can be seen that this efficiency is a strong function of the ratio djr. 6, is several 
hours in a daily storage system. The only important variable in t is U, Eq. (16-29), 
which depends heavily on accumulator insulations, design, and location. Good insu¬ 
lation and design result in low values of U and therefore high values of r. 

Accumulators may be constructed above ground or underground. Underground 
accumulators are more costly but have higher insulation and generally higher and 
therefore higher values of Accumulators in general pose safely problems. A pipe 
or vessel rupture can release large amounts of energy. The choice of above-ground or 
underground accumulators, therefore, should be based on the careful evaluation of 
efficiency, cost, operational problems, and safety. Natural underground caverns may 
be used if such are available near plant sites or if plants can be located near them, 
and if they can be properly prepared for high pressure hot water storage. They may 
result in much lower costs. 

The efficiency of the peaking turbogenerator is probably low because of vanable 
inlet conditions and the use of low-temperature saturated steam, small size, insuffi¬ 
ciency or absence of feedwater heating, and other factors. An efficiency of 20 to 25 
percent is probably reasonable, compared with 33 to 40 percent for the base-load plant 


Example 16-2 A base-loaded 10(X)-MW powerplant is designed with a sensible 
thermal-energy storage of the type shown in Fig. 16-15. The thermal energy stored 
is called upon to produce 4000 MWh daily. The accumulators are 4 m in diameter 
each and are well insulated so that U = 5 kJ/(h ■ m^ ■ K). The storage time is 
15 h. Maximum and minimum storage pressures are 20 and 2 bar. Calculate: 

1. The thermal turnaround efficiency. 

2. The total accumulator volume. 

3. The storage cost in $/kWh if the accumulators cost $300/mV 

4. The minimum released energy if an accumulator vessel or pipe ruptured at 20 
bar. 

The ambient temperature is 20°C. Take the specific heat of water as 4 35 kJ 
(kg • K). Assume a peaking plant efficiency of 25 percent. 


Solution Following arc the water-saturation conditions from the steam tables 
(App. A) 
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At 20 bar; T, - 212.37'’C , = 908.5 kJ/kg = 0.0011766 mVkg 

At 2 bar; = 120.23°C ^2 = 504.8 U/kg v,,^ = 0.0010605 m’/kg 

At ambient conditions: 7. = 20T = 293 kJ/kg 

Take an average density of the water as 

then 

DpfC, 4 X 896.43 x 4.38 

T = -^^ _____ TOC T U 


1. Therefore 


212.37 - 20 

212.37 - 120.23 ^ 

= 1 - 2.0878(1 - 0.981) = 0.96 

For a peaking plant efficiency of 25 percent, the thermal storage needed is 
given by 


4000 


= 16,667 MWh 


0.25 X 0.96 
16,667 X 3.6 X 10"' = 6 X 10"' U 


The mass of water needed to be flashed to steam is given by 


6 X 10'^ 
^/.I “ ^A.2 


6 X 10'^ 

908.5 - 504.8 


= 1.486 X 10« kg 


2. The water volume at 20 bar is 


1.486 X 10^ X vy., = 1.486 X lO'' X 0.0011766 
= 174,840 m' 

The volume of the accumulator will be larger to accommodate a steam blanket 
on top and the water left at end of discharge. 


3. The minimum cost of accumulators would therefore be 

$300 X 174,840,000 - $52.5 x 10^ 

4. The energy contained that would be released if a rupture occurred is equal 
to the mass of the flashed water times the difference between the enthalpy of water 
at 20 bar at ambient conditions (20°C). The minimum corresponds to the above 
tnass and equals 

1.486 X 10* X 908.5 - 293 = 9.146 x 10'° U 
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16-9 LATENT HEAT ENERGY STORAGE 

In this system energy is stored in the form of the latent heat caused by phase change 
either by melting a solid or vaporizing a liquid. Energy release is accomplished by 
revening the process, i.e., solidifying the liquid or condensing the vapor. The storage 
density here is equal to the product of the latent heat of fusion (or vaporization) times 
the density of the storage material. It is greater than that in sensible heat storage 
because the latent heats are much larger than the specific heats of the single phases 
of the materials. The system has the additional advantage of operating at essentially 
constant temperature with low volume changes during phase changes. It also has the 
advantage of a wide choice of materials with different fusion and evaporation tem¬ 
peratures, which allows a choice of operating temperatures and the ability to generate 
high-temperature steam for the peaking unit. Some sensible heat storage may be added 
to latent heat storage by further raising the temperature of the resulting molten solid 
or vapor. 

Latent heat energy storage is not, at this writing, considered a simple, operationally 
reliable solution to the problem of energy storage in electric-generating powerplants 
It is, however, included here as a potential solution along with the problems that must 
be overcome if such a solution is to become a viable one. Although little work has 
been done on the application of latent heat energy storage to large powerplants, much 
work has been done on its use for residential and solar heating applications using fused 
salts that are available for high- and low-temperature operating ranges [163). 

Storage materials must possess, in addition to proper transition temperatures and 
high latent heat, many other necessary physical and chemical properties. Some of 
these are good thermal conductivity, containability, stability (considering cyclic op¬ 
eration), nontoxicity, and low cost. No material meets all these requirements but some 
fluoride salts meet some of them. One of the salts considered most suitable for lateni 
heat storage is the 70% NaF-30% FeF 2 eutectic salt, which has a fusion temperature 
of about 680°C (2256'’P^ and potentially possesses the highest storage energy density 
of any thermal-energy storage material, about 1500 MJ/m^ (~40,0(X) Btuyft^). ZnCl 
is another with a fusion temperature of about 370°C (~700°F) and a potential storage 
energy density of about 400 MJ/m^ ( — 11,000 Btu/ft^). 

Other materials being suggested are silicon, germanium, and sulfides of germa¬ 
nium. These have high heats of fusion, and like water, they expand upon freezing, 
so that they tend to float ufwn solidification, which has advantages in heat transfer 
Silicon and germanium, however, have fusion temperatures that are too high for 
powerplant operation and are very reactive. Germanium sulfides have usable fusion 
temperatures but tend to solidify to a glassy consistency rather than crystallizing, thus 
posing an undesirable heat-transfer barrier. 

In addition to finding a suitable medium, studies have to evaluate the extents of 
corrosion, erosion, plant start-up and shutdown, etc. Corrosion problems require that 
the system be free of oxygen and water vapor, which enter the system because of salt 
volume changes during heat addition and withdrawal, thus posing interesting engi 
neering problems. It can be seen that there are many design and developmental problems 
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to be overcome before a reliable, economical latent heat energy storage system car. 
be incorporated into an electric-generating powerplant. 

A latent heat energy storage conceptual design using the 70% NaF-30% FeF 2 
eutectic salt as the storage medium has been proposed by Bundy [164]. The study had 
the purpose of identifying the technical difficulties and obtaining preliminary cost 
estimates. It envisaged a high-temperature gas-cooled reactor (HTGR, Sec. 10-12) as 
the heat source (Fig. 16-17). The helium coolant operates at 48 bar (7(X) psia), and 
the various temperatures are indicated on the figure. The storage-system capacity is 
7200 MWh, whereas the charge-discharge rates are 6(X) MW. The ptak electric- 
generating capacity of the plant is 200 MW for 12 h. 



16-17 A schematic flow diagram of a high-lemperature gas-coolcd reactor (HTGR) powerplant 
using a latent heat energy storage system [164]. 
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For the storage capacity of 7200 MWh, 42,000 tons of the eutectic are to be used 
In order to give the necessary heat-absorption and heat-release rates, the eutectic is 
not allowed to freeze completely but instead operates as a slurry. (Recall the unde¬ 
sirability of glassy freezing as with the germanium sulfides.) The total latent heat of 
fusion is not utilized, and a salt mass of about 80,000 tons is needed. This requires 
a huge containment vessel about 36 m (120 ft) in diameter and 30 m (1(X) ft) high. 

Another feature of the design is the addition of a secondary heat-transfer loop 
using molten lead as a heal carrier. Shell-and-tubc heat exchangers between helium 
and the salt slurry, and steam and the salt slurry, have been considered. However, the 
build-up of solids on the tubes during heat withdrawal would seriously impede the 
heat-transfer rate and, therefore, the effectiveness of the heat exchanger. This neces¬ 
sitated the addition of the above-mentioned molten-lead loop. During heat withdrawal, 
therefore, lead is heated from 380‘’C (7(K)®F) to 675°C (1250T) in the slurry tank and 
used in a lead-steam boiler to produce steam for peak-load operation. Lead heating is 
accomplished by having globules of lead “rain” on top of the slurry, thus sufficiently 
stirring the reservoir. The globules distort as they fall and thus are expected to “shed” 
any thin skins of solidified salt. The design lead flow is 2 m^/s (70 ft^/s). After passing 
through the lead-steam boiler, the lead is pumped back to the top of the reservoir 
against more than 500 psi static pressure via an 800-kW pump. 

In addition it is important that the temperature of feedwater entering the lead 
boiler not be lower than the melting point of lead (325°C, 620®F). This necessitated 
the addition of a feedwater preheater that uses wet steam from the same boiler. The 
plant operation, therefore, has the following modes: 

1. During base-load operation, helium from the reactor at 775°C (1430®F) is short- 
circuited directly to the helium-water boiler. 

2. During p)eriods of low demand, helium is shunted to the fused salt reservoir, thus 
storing heat in the slurry at the fusion temperature of 680T (1260^) and leaving 
at 690°C (1280°F) to the helium-water boiler. 

3. During periods of peak demand lead is circulated to the reservoir, leaving at 675T 
(1250°F) to the lead-water boiler. In all cases steam with the proper flow rate is 
generated at 540°C (1000°F) and admitted to the same turbine-condenser system 
Condensate at 65°C (150°F) is fed back to the helium-water boiler and, during peak 
demand, also to the lead-water boiler via the preheater. 


A good turnaround efficiency for the storage system, more than 90 percent, is expected 
because the percentage heal losses per cycle are expected to be quite small once the 
reservoir and other components reach thermal equilibrium. 

An economic evaluation, based on 1974 dollars, shows salt costing $ 2 . 15 /lb^ m 
large lots, with the price down to $0. i to $0.5/ib,„ if large scale production is attained 
This is said to result in a unit energy storage cost of $3 to $13/kWh, a unit molten- 
lead loop cost of $33/kW, and a unit peak powcrplant equipment cost of $90 to $110/ 
kW. 
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16-10 CHEMICAL-REACTION STORAGE 

In this mode of energy storage the heat of reaction of reversible chemical reactions is 
used to store thermal energy during endothermic reactions and to release it during 
exothermic reactions. Like latent energy storage, this form also offers large energy 
storage densities and thus has been considered an attractive alternative for some time. 
(Besides reversible chemical reactions, this category also includes the solution and 
dissolution of a solid in a liquid and a gas in a solid.) Initial interest focused on low- 
temperature energy storage for residential heating and cooling. More recent interest 
contemplates its use to store high-temperature thermal energy suitable for power- 
generation cycles. In pioneering work by Schultcn et al. [165], the following reaction 
was suggested for long-distance transmission of gas-cooled nuclear-reactor thermal 
energy 

CO + 3 H 2 ^ CH 4 + H 2 O (16-35) 

This and other reversible reactions are listed in Table 16-1 with their operating ranges 
and heats of reaction. 

Chemical-energy storage is now explained with the help of Eq. (16-35). Heat is 
stored by absorbing it in the endothermic direction of the reaction, from right to left. 
The enthalpy of formation [167] of CH 4 + H 2 O (liquid) at 25°C is given by 
(_74 9 ) ^ (-286) = 360.9 kJ/(g * mol). The enthalpy of formation of CO + 3 H 2 
at 25°C is (- 110.6) + 0 = - 110.6 kJ/(g * mol). Thus, moving from right to left 
with both reactants and products maintained at 25°C results in a net energy transfer 
of(-ll0.6) - (-360.9) = -h 250.3 kJ/(g • mol). The positive sign indicates energy 
added to the reaction, i.e., energy is absorbed and the reaction is endothermic. The 
reverse reaction, from left to right, results in —250.3 kJ/(g ’ mol), i.e., energy is 


Table 16-1 Reversible chemical reactions under consideration 
for energy storage^ 


Reaction 

Temperature 
range, K 

Heat of reaction 
at 298 K 

Btu/(lb ’ mol) 

kJ/(g • mol) 

CO + 3H2 CH. + HjO 

700-1200 

107,640 + 

250.3t 

2CO + 2 H 2 *± CH, + CO2 

700-1200 

106,380 

247.4^ 

C.H, + 3 Hj Si C.Hu 

500-750 

89,100 

207.2 

CiH, + 3H2 T± C7H,, 

450-700 

91,800 

213.5 

CioH, + 5H2 C,oH ,8 

450-700 

135,000 

314.0 

C 2 H, + HCl *i CjHjCl 

420-770 

24,120 

56.1 

CO + CI2 » COCI2 


48.420 

112.6 


*From Ref. [166]. 

^ Higher heating value, including heat of condensation of HjO. 
t Heal of reaction per g • mol of CH4. 
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released and the reaction is exothermic. The signs have been ignored in Table l 6 -i 
Although the exothermic reaction is common, it will not occur at low temperatures or 
in the absence of a catalyst or an “igniter,” which leads to potentially long storage 
times. The endothermic reaction is called reformation* and the exothermic reaction 
is called methanation A 

A schematic of a powerplant with a chemical storage system using the reaction 
in Eq. (16-35) is shown in Fig. 16-18. During periods of low demand, some heat 
from the primary heat source is diverted to the reformer (endothermic reactor) to 
convert the products CH 4 + H 2 O to the reactants CO + 3 H 2 , which are stored m a 
vessel at high pressure, probably 70 bar, but at ambient temperature. During periods 
of high demand, these reactants are fed to the methanator (exothermic reactor) where 
heat is generated to run a peak turbine (or generate more steam for the mam turbine) 
In the methanator the reactants are converted to the products CH 4 -I- H 2 O, which are 
stored in a separate vessel for later use in the reformer during periods of low demand 

A thermal turnaround efficiency of this system is estimated (but yet unproven) at 
85 to 90 percent [168]. The losses are mainly heat losses to storage vessels and piping 
and pumping losses of the gases. 

The two storage vessels and the two reactors will all have to operate at different 
pressures. Storage pressures need to be high to minimize vessel size and cost, and the 
reformer has to operate at low pressures to maximize the rate of the endothermic 
reaction CH4 + H2O —► CO 4 - H2. There will, therefore, be a large pressure differ¬ 
ential between the tube side, which carries the primary heat source fluid (e.g. helium 
at about 40 bar from a high-temperature gas-cooled reactor), and the gases on the shell 
side. A similar pressure differential occurs between the steam loop and the gases in 
the methanator. Such pressure differences require careful design. A complicated scheme 
to minimize these difficulties envisages the use of compressor-expander sets with a 
compressor between the reformer and the reactants storage tank and an expander 
(turbine) between the latter and the methanator. A similar compressor-expander set 
would be put between the methanator, the products storage vessel, and the reformer, 
with equal complication. The products expander may supply some of the work required 
by the reformer compressor because it operates at about the same off-peak time during 
the cycle. Similarly the reactants expander may supply some of the work required by 
the methanator compressor during peak hours. Noting the various compressor-expander 
inefficiencies and the fact that the number of moles of reactants and products are not 
the same, there will be a net work available dunng peak operation that may be 
reabsorbed during off-peak operation. This imbalance in net work of the compressor- 
expander sets may be remedied by electrical or mechanical storage, and thus we end 
up with two (or three) forms of energy storage in the same plant. 

Some of the problems to be solved before such a storage system can become a 


* In general, reformation is a prix:ess in which low-grade or low-molecular-weight hydrocarbon 1^ 
catalytically reformed to a higher-grade or highcr-molecular-weight hydrocarbon. The term also applies to 
the endothermic reforming of methane (the process under consideration above) for the production of hydrogen 
by the reaction of methane and steam in the presence of nickel catalysts. 

t Methanation is the production of methane from a mixture of carbon monoxide and hydrogen. 
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Figure 16-18 Schematic flow diagram of a powerplanl with a chemical storage system using the reaction 
CO + 3H2 ^ CH, + H 2 O 


serious contender in powerplant use are safety and developmental problems. The major 
safety problems are those associated with the storage of large volumes of high-pressure 
flammable and poisonous gases. Developmental problems include the operation of 
methanators, which in the past were limited to relatively low temperatures to generate 
steam at high enough temperatures for efficient turbine operation. This entails the 
availability and use of a suitable catalyst that can operate at high temperatures with a 
reasonably long lifetime. Other significant problems involve the optimization of the 
entire cycle to reduce irreversibilities and increase overall efficiency and proper heat- 
exchanger design in the reformer and methanator. One idea that has been proposed 
involves the extraction of electrical work from the chemical reaction directly by elec- 
fl'ochcmical means. 

The size of the storage vessels, even with operation near a pressure of 70 bar, 
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which is compatible with current technology for gas storage, is still very large, of the 
order of hundreds of thousands of cubic meters. The vessels may cither be steel tanks 
or, to reduce costs, underground caverns if suitable sites are available. Caverns 
however, would pose problems of contamination of the gases by impurity gases from 
underground rocks. Such impurities may cause corrosion in the system and result in 
poisoning of the catalysts used in the reactors. Careful consideration must also be 
given to the problem of the diffusion of light gases, such as H 2 , through rocks and 
fissures. 

A preliminary, and possibly overoptimistic, economic estimate of the above sys 
tern, based on cavern storage at $0.5 to $2/ft^, a turnaround efficiency of 85 to 90 
percent, and 70 percent conversion of original methane shows storage plant costs of 
$35 to $60/kW and a unit peak powerplant equipment cost of $90 to $110/kW, all 
based on 1975 dollars [168]. 


PROBLEMS 

16-1 A power grid has a hypothetical daily load demand curve that may be represented by half a cosine 
wave with maximun Pm at time 0 and zero at 24 hours. A lOOO-MW powerplant is a’^ailable for baseload 
operation with a storage system that has a rumaround efficiency of 0.65. Find the peak load P„. in mcgawatls, 
that can be accommodated by the system and the time at which the .system switches from generation to 
storage. 

16-2 A power grid has a load pattern during one 24-h period that averages 600 MW during 18 h and 12(X) 
MW during 6 h. A pumped-hydro energy storage system with an elevation of 100 ft is considered Calculate 
(fl) the power output of a powerplant, in megawatts, that would meet the load demand with and without 
storage, and {b) the volume, in cubic feet, of water that must be pumped to meet storage demand The 
electric generator efficiency is 0.8. Water density is 62 4 lb,„/ft\ 

16-3 An adiabatic compressed-air storage system is required to generate 230 MW dunng 5 peak hours, 
from storage during 10 h of operation of the main powerplant No compressor iniercooling or turbine reheat 
are used. The compressor and turbine have polytropic exponents of 1,5 and 1 3 and pressure ratios of 1(X) 
and 80, respectively; and mechanical efficiencies of 0.92 each The motor-generator set has a combined 
mechanical-electrical efficiency of 0.97. Atmospheric air is at 1 bar and 20“C Air enters the heat storage 
packed bed at 90 bar and lOOT The packed bed has heat losses of 8 percent and air leakage losses of I 
percent. Calculate (a) the turbine air mass flow rate during peak operation, in kilograms per second, (h) 
the minimum volume of the air storage cavern, in cubic meters, (c) the energy storage capacity, m megawatt 
hours, ((f) the compressor power input, in megawatts, and (e) the rumaround efficiency of the system 
Assume a constant air specific beat at constant pressure of 1.05 kJ/kg K 

16-4 A hybrid air-storage energy system is composed of an air compressor with two stages of mtercooling, 
an aftercooler, a storage reservoir, and a gas turbine with one stage of reheat and regeneration Dunng 10 
h of storage, 100 MW are fed to the motor generator, and air enters the compressor at 1 atm and 50 F 
The compressor and turbine overall pressure ratios arc 64. The compressor scction.s have polylropic and 
mechanical efficiencies of 0 7 and 0,8, respectively. Intercooling and aflercooling reduce the temperature 
back to ambient. During 4 h of peak generation, air leaves storage and enters a 0 85-cffcctive regenerator 
after which it is heated in the first combustion chamber to 2000“F. The turbine sections have polytropic 
and mechanical efficiencies of 0.75 and 0.8, respectively Reheat in the second combustion chamber is 
back to 2000®F. The motor-generator set has an efficiency of 0.90. Draw a flow diagram for the system 
and calculate (a) the air mass, in pounds mass, and volume, in cubic feel, stored dunng off peak, and (1^1 
the turnaround efficiency of the system taking into account the equivalent clectncal energy of the heal added 
in the turbine if the main plant thermal efficiency is 0.38. Assume that 1 percent of the air in storage is 
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lost by leakage. For simplicity take c, = 0.24 and 0.26 Btu/lb« ‘ Tl, and it = 1.40 and 1.358 in compressor 
and turbine, respectively. 

j ^5 A flywheel in the form of a disc 25 ft in diameter and 10 ft thick runs normally at 3600 r/min. It is 
made of an anisotropic filament composite material of a uniform density 160 Ibjft^ Calculate (a) the energy 
of the flywheel, in kilowatt hours, (b) the change in rotational speed and corresponding maximum energy 
that may be extracted from the flywheel if the coefficient of speed fluctuation may not exceed 0.01. 

A disc-shaped flywheel is made of an isotropic material with a density of 500 Ibjft' and maximum 
allowable stress of 15 x 10* Ibyft . It has a diameter of 15 ft and a thickness of 6 ft. The mass efficiency 
factor is 0.9. Calculate (fl) the maximum energy that can be stored in the wheel, based on stress consid¬ 
erations, {b) the maximum rotational speed, in revolutions per minute, and (c) the coefficient of speed 
fluctuation if 2 percent of the energy is withdrawn from it. 

\^7 A magnetic energy-storage coil is constructed of a conductor of square cross section 40 x 40 cm, 
and a mean diameter of 32 m. Calculate the number of turns necessary for a stored energy of 5 MWh if 
the current is 160,000 A. 

l6-8 Compressed-water thermal energy storage is used in a steam powerplant as shown in Fig. 16-15. 
Twelve accumulators are used, each 20 m in diameter and 40 m high. They have an overall coefficient of 
heat transfer of 0 003 kJ/s • ■ K. The daily storage time is 16 h. The maximum and minimum storage 

pressures arc 18 and 3 bar. 80 percent of the total accumulator water volume is used to store and release 
energy to accommodate a steam blanket on top and water residue at bottom during the charge-discharge 
cycle. The main and peaking steam plant efficiencies are 38 and 23 percent, respectively. The ambient 
temperature is lOX. Calculate (a) the thermal energy stored that is available for peaking service, in megawatt 
hours per day, (b) the thermal energy input, in megawatt hours per day, (r) the peaking plant electrical 
energy output, in megawatt hours per day, and (d) the ratio of peaking electrical energy to the electrical 
energy that would have been produced by the main plant. 

16-9 A latent heat energy storage system is used in conjunction with a high-temperature gas cooled reactor 
(HTGR) gas turbine powerplant. The storage material is germanium which has a fusion temperature of 
1756^, a latent heat of fusion of 300 Btu/lb,^, and a liquid density of 335 lb„yft^ The HTGR operates as 
a heat source for a regenerative helium Brayton cycle. 10* Ibjh of helium enter the compressor at IbOT, 
a 0 85-effective regenerator, and leave the HTGR at 1850°F. During a charge period of 12 h, 50 percent 
of the helium enters the main turbine and 50 percent is divened to the latent heat storage heat exchanger. 
From there, it leaves at 1790‘’F to enter the main gas turbine at a lower pressure stage. During 4 h of peak 
operation, the full HTGR flow enters the mam tuitiine and a peaking Brayton cycle operates on the stored 
heal. Helium enters the peaking compressor at 140°F, then a 0.85-effective regenerator, a heal exchanger 
m the storage tank where it gets healed to 1720‘’F, then the peaking gas turbine. Assume for simplicity that 
all compressors and turbines arc ideal with a pressure ratio of 3, and that there are no heat losses from the 
storage tank. Draw a flow diagram for the powerplant and T-s diagrams for the main and peaking cycles, 
labeling all points correspondingly. Calculate (a) the power produced dunng off peak operation, in me¬ 
gawatts, (b) the energy stored, in megawatt hours, (c) the mmimum germanium mass, in pounds mass, 
and storage volume, in cubic feet, and (d) the power produced during peak operation, in megawatts. (For 
helium, Cp = 1.25 Btu/\K ' 'R and k = 1.250.) 

16-10 A chemical reaction energy storage system of the methanation-reforming type is considered for 
storing 2550 MWh of electrical energy. The system turnaround efficiency is estimated at 0.85. The main 
powerplant thermal efficiency is 0.38. Calculate (a) the individual masses, in kilograms, of reactant and 
product gases, (b) the necessary storage volumes, in cubic meters, assuming storage is at 70 bar and 500 C, 
the maximum mechanical energy to be stored, in kilojoules, assuming for simplicity that pressure, 
temperature, and pressure drops are the same in all reactors and tanks, and that all expanders and compressors 
have an efficiency of 0.60. 



CHAPTER 

SEVENTEEN 


ENVIRONMENTAL ASPECTS 
OF POWER GENERATION 


17-1 INTRODUCTION 

It should be recognized at the outset that there is virtually nothing people can do to 
improve their life standards, or even to maintain these standards in the face of growing 
populations, not to mention bringing up the standards of the billions of people living 
in substandard conditions around the world, that does not have adverse side effects* 
particularly on the environment. We can no longer expect the return of the pnstine 
environment that existed in the early history of humankind. This is true whether people 
are producing increasing quantities of food and clothing, which have become energy 
intensive; building dams and other irrigation schemes; or building powerplants to 
produce the electricity so necessary for industry and domestic uses and the maintenance 
of that life standard. The important question is whether or not the benefits of these 
necessary systems outweigh their adverse effects. Some sentiments have been expressed 
to the effect that the adverse effects of power generation can be arrested solely by 
conservation. Conservation means more efficient use of our resources and more efficient 
electric-energy production and use and is commendable. However, conservation alone 
can only reduce the rate of increase of environmental degradation. It is thus at least 
of equal importance to study the causes and effects of the adverse effects on the 
environment and to minimize them as much as possible. 

Another factor to recognize is that nature itself contributes large quantities of 
contaminants to the environment, mainly due to the natural processes of plant and 
animal decay and natural background radioactivity. 

At this point one needs to distinguish between the often used terms contaminant 
and pollutant. Contaminants are those materials, radiations, or thermal effects that are 
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added to environment beyond what nature itself puts into it. In the 1960s it was 
estimated that, globally, nature puts into the environment some 10 times the amount 
ol contaminants that people put into it. The contribution of nature is, however, diffuse 
and thus largely harmless, whereas the contribution by human beings is more localized 
and concentrated. It follows that pollutants are contaminants in concentrations high 
enough to adversely affect something that people value, such as their environment and 
health. 

Table 17-1 presents a summary of chemical air pollutants from all sources in the 
United States in 1966. It is to be noted that motor vehicles are the largest contributors, 
followed by industry and powerplants, and then by small contributions from space 
heating and refuse. Not included in Table 17-1 is thermal pollution, the warming up 
of bodies of water and the atmosphere from the above sources as well as nuclear 
powerplants. 

The case of radioactive pollution from nuclear powerplants is even less troublesome 
than the above sources when compared with the contributions of nature. Table 17-2 
presents a summary of average annual exposures per person from all sources. Note 
that nature is the largest contributor, followed by medical irradiation, whereas releases 
attributed to the nuclear industry as a whole are relatively miniscule. 

Even in abnormal occurrences the picture presented in Table 17-2 holds true. This 
can be illustrated by two such occurrences, one artificially made, the March 1979 
accident at Three Mile Island (TMI-2) powerplant, the other naturally occurring, the 
May 1980 volcanic eruption of Mount St. Helens in the state of Washington, USA. 

The radioactive release from Mount St. Helens was far more significant than that 
from TMl-2 (Sec. 17-15). It is reasonable to assume that volcanic eruptions and other 
such natural occurrences have released and will continue to release large amounts of 
radioactivity into the atmosphere. 

Powerplants are, therefore, not the sole or largest contributors to environmental 
problems. They are, however, a growing concern, as their numbers and sizes will 
continue to increase in the decades ahead. The powerplant pollutants of most concern 

are; 


Table 17-1 Total United States 
chemical air pollution (1966)* 

Pollutants 


Source 

tons/ycar 

% 

Motor vehicles 

86 

60.6 

Industry 

23 

16.8 

Fossil powerplants 

20 

14.1 

Space healing 

8 

5.6 

Refuse disposal 

5 

3.5 


‘From Ref. 169. 
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Table 17-2 Average radioactive 
exposures per person* 



Exposure 

Source 

mrem/yr 

% 

Natural background 

100.0 

67.60 

Medical irradiation 

45.0 

30.70 

Fallout 

0.9 

0.60 

Miscellaneous 

0.7 

0.50 

Occupational 

0.7 

0,45 

Nuclear industry 

0.2 

0.15 


* From Ref. 170. 


1. From fossil powerplants; 

a. sulfur oxide 

b. nitrogen oxides 

c. carbon oxides 

d. particulate matter 

e. thermal pollution 

2. From nuclear powerplants: 

a. radioactivity release 

b. radioactive wastes 

c. thermal pollution 

In addition, pollutants such as lead and hydrocarbons are contributed primarily by 
motor vehicles and will not be covered here 

This chapter is devoted to the discussion of these various aspects of electric-power 
generation and methods to minimize or alleviate their effects. The first part of the 
chapter deals with the effects of fossil-fuel powerplants, the latter part with those of 
nuclear powerplants. 


17-2 CONSTITUENTS OF THE ATMOSPHERE 

The effects of powerplant pollutants on the environment are primarily to the air and 
water and, to a lesser extent, the land. 

The total mass of the earth’s atmosphere is estimated at 5.7 x 10*^ tons of various 
major and trace constituents. Table 17-3 shows approximate masses in tons of the 
major constituents, N 2 and O 2 , as well as other constituents that are of main concern 
in the earth’s atmosphere. The table lists the global (total atmosphere) tonnage as well 
as the tonnage in a portion of the atmosphere roughly lying between 30 to 60°N latitude 
and below 20,000 ft altitude. This portion of the atmosphere is less than 20 percent 
of the total, but it corresponds to the area of much of the world’s industry and is 
therefore the receptacle for much of humankind’s additions of contaminants to the 
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Table 17-3 Mijor and selected constituents of the 
atmosphere, tons* 


Component 



Tonnage 


Lifetime 

Global 


Between 30-60® 
N latitude 


4.25 

X 

10*' 

0.55 X 

10’’ 

Indefinite 

0: 

1.30 

X 

10 '’ 

0.17 X 

10^ 

Indefinite 
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Days to 

matter 
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* Data from Ref. 169. 


global atmosphere. In addition, the rate of atmospheric mixing between the northern 
and southern hemisphere is slow, so that the region mentioned above may be considered 
isolated except for extended periods of time. 

The atmosphere is recognized as a self-cleansing environment in which contam¬ 
inants are continually added and removed. Thus, the amount of any one contaminant 
at any given time is affected by the mass rates of addition and removal of that 
contaminant. The concentration of that pollutant is affected by these rates as well as 
the size of the atmosphere itself. The addition of contaminants is due to both natural 
causes and artificial causes that are of fairly recent origin. The last column in Table 
17-3 represents the average lifetime of each constituent. This is the average residence 
time of the constituent between addition and removal. The figures in this and the tables 
to follow in this chapter are only ball park figures because of the doubtful accuracy 
of measurements, so they should be viewed with caution. They are also bound to vary 
with time. The relative magnitudes are, however, informative. 

We will now discuss the most important contaminants, their effects, and methods 
of coping with them. 


17-3 OXIDES OF SULFUR 

Sulfur in the atmosphere exists essentially in three forms: sulfur dioxide, SO 2 ; hydrogen 
sulfide, H 2 S; amd various sulfates. H 2 S comes primarily from natural sources. The 
sulfates come from sea spray and from the oxidation of SO 2 . 

Sulfur dioxide, SO 2 , which primarily comes from artificial causes, is therefore 
our primary concern, even though it is believed to be responsible for something less 
fi^an 25 percent of all sulfur in the atmosphere. It is produced in the combustion of 
coal and oil, mainly in powcrplants, but also in steel mills, smelters, and similar 
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Table 17-4 SO 2 flowchart in the 30 ° to 60 °N latitude*^ 
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5 X lO"* tons 0.2 ppb, average 


i 


Removal 
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* Data from Ref 169, 


industries, and space heaters (all also produce some H 2 S), with coal responsible for 
about 70 percent of the total. 

Although the mass of SO 2 in the 30 to latitude region of the atmosphere, 
which is about 5 x 10^ tons (Table 17-3), represents an average of about 0.2 ppb 
(parts per billion) in that region, the yearly mass added, and removed, is much higher, 
being of the order of 10® tons (Table 17-4). Local SO 2 concentrations vary widely and 
are usually measured in ppm (parts per million). Urban industrial areas often reach 
3.2 ppm, and peaks of 11 ppm have been recorded. SO 2 concentrations below 0.6 
ppm produce no ill effects in human beings. Most people, however, become cognizant 
of sulfur at about 5 ppm and become irritated at about 10 ppm. A 1-h exposure to 10 
ppm can cause breathing problems and mucus removal. The effects are further com¬ 
plicated at high air temperatures and humidities, in the presence of aerosols, etc., and 
they become much more serious when SO 2 is combined with particulates and enters 
the digestive system. 

The effects of SO 2 on bodies of water and on land are discussed in Sec. 17-8. 


17-4 OXIDES OF NITROGEN 

The oxides of nitrogen come in different forms: nitric oxide, NO; nitrous oxide, N 2 O; 
nitrogen dioxide, NO2; nitrogen trioxide, NO3; nitric anhydride, N2O5; and nitrous 
anhydride, N2O3. Of these only NO and NO2 are the significant artificially made 
oxides; they are commonly referred to as NO,, pronounced “nox.” 

Nitric oxide, NO, is formed in the combustion of all fossil fuels. The rate of 
formation is strongly dependent upon the combustion temperature, being significant 
only at high temperature. Formation is also dependent upx)n the oxygen concentration 
p>rescnt during combustion and the time allowed for the combustion process. The 
pwimary contributors to NO arc the motor vehicles, in which combustion does occur 
at high temperatures, with lesser contributions from the combustion of coal and oil in 
px)werplants, which occurs at lower temperatures. Concentrations of NO in the exhaust 



environmental aspects of power generation 715 

of gasoline automobiles depends upon the fuel-air ratio used and vary between about 
3000 ppm near stoichiometric conditions to about 6000 ppm for 80 percent lean 

niixturcs. 

In the atmosphere NO rapidly oxidizes to NO 2 , a process greatly accelerated by 
photochemical effects (the presence of sunlight) and by the presence of organic material 
in the air. NO 2 has a more adverse health effect on human beings than NO. It has an 
affinity for hemoglobin, which carries oxygen to body tissues. It thus deprives them 
of oxygen. It also forms acid in the lungs and hence is much more toxic than CO 
(below) for the same concentrations. It also reduces atmospheric visibility. People 
begin to recognize the existence of NO 2 by its odor when it reaches concentrations of 
0.4 ppm and higher. A continuous exposure to 0.06 to 0.1 ppm of NO 2 , however, 
can cause respiratory illness. A few minutes exposure to 150 to 200 ppm causes 
obliterations of the bronchiols (the smallest divisions of a bronchial tube), and a few 
minutes exposure to 500 ppm causes acute edema (swelling from the effusion of a 
watery liquid into cellular tissue). 

The atmosphere in the 30 to 60°N latitude region contains 2x10^ tons of NO;, 
(Table 17-3), which coresponds to an average of 1 ppb. The additions, and removals, 
per year are 2 X 10** tons from natural causes, mainly biological, and 5 x 10^ tons 
from artificial causes (Table 17-5). It should be noted here that the two NO^ compounds 
represent only a small fraction of the total nitrogen compounds entering and leaving 
the atmosphere. For example ammonia, NH3, enters and leaves the atmosphere at a 
rate some 10 times that of NO^. 

While the average in the 30 to 60°N latitude region is about I ppb, local urban 
concentrations of NO, can be much higher, ranging between 0.02 and 0.9 ppm. 
Temporary but severely high concentrations up to 3.9 ppm have been recorded in Los 
Angeles, which has a rale of addition 100 times the world average. (It is instructive 
to note that tobacco smoke can contain about 250 ppm.) 

Aithough contributions of NO^ by artificial causes on a global scale au'e far less 
than those by natural events, local human contributions could be far larger and could 


Table 17-5 NO, Bowchart in the 30 to bCTN latitude* 
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thus give rise to severe health and environmental problems. The effects of NO, on 
bodies of water and land will also be covered in Sec. 17-8. 


17-5 OXIDES OF CARBON 

Carbon monoxide, CO, methane, CH 4 and carbon dioxide, CO 2 , are the most widely 
produced of all contaminants, with CO 2 being the largest of all (Table 17-3). 

Carbon monoxide is caused in part by natural causes such as marsh gas, coal 
mines, vegetation, lightning, and forest fires. However, their contribution to production 
of CO is small compared with that from human-generated causes, of which more than 
90 percent is produced by motor vehicles (Table 17-6). Powerplants produce less than 
1 percent. The removal of CO is almost entirely due to natural events whose exact 
nature is not known with certainty. 

The CO additions to the entire earth’s atmosphere total about 230 million tons 
Local additions are often serious. For example, in the Los Angeles basin alone, some 
4 million tons are added annually. The basin average CO concentration increased from 
about 7 ppm to about 11 ppm between 1957 and 1963 compared with the global 0.1 
ppm. Emission-control devices are causing a slow decrease in these concentrations, 
People who smoke voluntarily expose themselves momentarily to concentrations said 
to reach 42,(XX) ppm. 

The health hazard of CO, like NO, stems from its depriving btxly tissues of oxygen 
because of its affinity for hemoglobin, which carries oxygen to body tissues. A C'O 
concentration of 1(X) ppm causes headache, 5(X) ppm causes collapse, and KXX) ppm 
is fatal. 

Carbon dioxide. CO 2 , is more abundant and, unlike CO, is largely contributed 
by powerplants and hence of more concern to us here. Natural causes, such as the 
decay of organic matter, however, contribute much greater amounts of CO 2 than 
artificial causes (Table 17-7). Although the CO 2 added to the atmosphere by these 


Table 17-6 Carbon monoxide flow chart, entire atmosphere* 
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Table 17-7 Carbon dioxide flowchart, entire atmosphere* 
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* From Ref. 169. 


causes is considered a contaminant, it is not normally considered a px^llutant because 
it is essential to plant and, therefore, human life. The main removal mechanism of 
CO 2 is photosynthesis. This is the process that occurs in green plants in the presence 
of light by which water, CO 2 , and minerals are converted back to oxygen and various 
organic compounds. 

Despite the necessity mentioned above of CO 2 in the atmosphere, there is in¬ 
creasing concern that the growing combustion of fossil fuels for all types of energy 
will cause the CO 2 concentration in the entire atmosphere to continue to increase with 
serious effects on the earth’s climate as a result of the greenhouse effect. 


17-6 THE GREENHOUSE EFFECT 

The concentrations of CO 2 in the atmosphere have slowly but continually increased 
since 1880 with the evergrowing worldwide combustion of fossil fuels. Since the 
1950s, the concentrations have risen at an increasing rate (Fig. 17-1). The addition of 
CO 2 in the latter part of the decade of the 1970s is believed by some to have reached 
a level that is beyond the capacity of plant life and the oceans to completely remove 
it, and about half of the CO 2 added is retained in the atmosphere. 

The existence of CO 2 in the atmosphere causes a greenhouse effect. The atmo¬ 
sphere, analogous to the glass panes of a greenhouse, transmits the radiation from the 
sun. Because the surface of the sun is at about 6000 K, most of that radiation is in 
the shortwave and visible portion of the spectrum, and only a small portion of this 
radiation is absorbed or scattered back to space by the atmosphere. The transmitted 
radiation is largely absorbed by the surface of the earth, which is warmed by it. 

Part of the resulting heat of the earth is transmitted by various modes of heat 
transfer (conduction, convection, evaporation, and condensation, which has a negative 
contribution) to the atnu)sphcre and is ultimately rcradiated away from the surface. 
Becaue the surface temperatures arc low, this rcradiation is mosdy in the infrared 
portion of the spectrum. CO 2 has no emission and absorption bands in the short and 





718 POWERPLANT TECHNOLOGY 



Figure 17-1 Average concentrations in the atmosphere up to 1980 with seasonal effects removed 
Seasonal fluctuations about average: slightly lower in spring due to absorption by new plants; slightly higher 
in fail due to release from decaying plants (Based on work by C. D. Keeling et at., from Ref 171.j 


visible wavelengths of the spectrum but does have several infrared bands between the 
wavelengths 2.36 to 3.02 4.01 to 4.08 pim, and 12.5 to 16.5 ixm. Water vapor, 

likewise, has only infrared emission and absorption bands in the wavelengths 2.24 to 
3.27 ptm, 4.8 to 8.5 p,m, and 12 to 25 ixm. When both CO 2 and H 2 O are present, 
the absorptions are, to a good approximation, additive. 

The presence of CO 2 and H 2 O in the atmosphere results in absorption of a large 
portion of the longwave infrared radiations from the surface of the earth and partial 
radiation of them back to it. In essence, therefore, the atmosphere is not completely 
transparent to the reradiated energy and, like the panes of a greenhouse, traps much 
of the energy of the sun. Whereas an equilibrium of sorts existed over the centunes, 
the growing levels of concentration of CO 2 are expected to cause the earth and its 
lower atmosphere to warm up to higher temperatures than would otherwise be the 
case. Indeed, measurements have shown a small warming up already (Fig. 17-2) 

It IS estimated that if all the fossil-fuel reserves are burned, the current CO 2 
concentration in the atmosphere would increase 5- to 10-fold. It is feared, however, 
that long before this ultimate situation happens, climatic changes might occur that 
would result in disasterous consequences, such as melting of the polar ice caps, which 
would result in the raising of sea level and flooding of many coastal areas of the wor 
Some evidence that this process has already started has been cited. 

Somewhat counterbalancing the increasing effect of CO2 on the atmosphere is the 
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Figure 17-2 Changes in mean global temperature with and without projected CO 2 effects. (Based on work 
h) J M. Mitchell, from Ref. 171 .t 


increasing content of particulate matter. Particulate matter helps reflect some of the 
incident radiation from the sun back to space and thus prevents it from reaching the 
surface of the earth. 


17 7 ACID PRFXIPITATION 

Acid precipitation is the return to earth of the oxides of sulfur and nitrogen in acid 
tonn. They take several forms; acid rain and acid snow, dry deposition, and acid fog. 


Acid Rain and Acid Sno\v 

Acid fallout in the form of acid rain or acid snow is one of the more serious envi¬ 
ronmental hazards of increased concentrations of sulfur and nitrogen oxides in the 
atmosphere. Pure water has a neutral pH value of 7.0. * The average pH of normal 
tiiintali is a slightly acidic 5.6 because of the formation of mild carbonic acid H 2 CO 3 
when pure rainwater combines with natural and human-generated carbon dioxide in 
the atmosphere; it is considered harmless. However, biologists usually consider rainfall 
with pH values lower than 5.6 to be potentially harmful to plant, animal, and human 
hfc. In many parts of the world, however, rainfall has grown increasingly more acidic 
in recent years. pH values as low as 2.4, about the same acidity as vinegar, have been 
recorded in England and in widely separated regions of the world. 

* Acidity and alkaltmry arc measured on a pH scale of 0 to 14 pH = 7.0 denotes neutrality. 0 «£ pH < 7 
'^epresents acidity 7 < pH ^ 14 represents alkalinity. The strongest acids have pH values below 1.0. 
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Acid rain and acid snow are caused by sulfur dioxide, SO 2 , hydrogen sulfide 
H 2 S, and the oxides of nitrogen, NO;^, in the atmosphere. Over a period of time after 
these gases are emitted, usually hours or days, they are carried along by wind currents 
and combine with water molecules in the water vapor of the atmosphere to form tiny 
drops, mainly of nitric acid, HNO3, and sulfuric acid, H2SO4. These aerosollike acids 
are then returned to the surface of the earth when they encounter rain- or snow^ 
producing clouds at various distances from their place of origin, often as far as hundreds 
or thousands of kilometers away. 

In general SO 2 contributes about 60 percent of the acidity of such precipitation 
whereas NO^ contributes about 35 percent. More is known about the relatively simple 
mechanism of formation of acid rain and snow from SO 2 than the more complex 
mechanism due to NO^. 

Acid precipitation was first observed in Scandinavia in the 1950s. Excessive acidity 
is a more recent phenomenon. It has been observed on the North American continent 
in such places as the northeastern parts of the United States and eastern Canada (Fig 
17-3), where the toxic fumes have crossed the international border in both directions, 
although their source is often blamed on powerplants in the Ohio valley that export 
them on prevailing winds. Other affected areas in the United States are the northwestern 
region, the southern Appalacians, and portions of Florida. In Europe, industrialized 
countries such as Britain, Germany, and France produce millions of tons of these gases 
that affect many other countries, some as far away as Scandinavia. Acid rain has also 
been found in parts of Asia and other world spots. 



Flgiire 17-3 Areas of most acidic lakes in North America [172). 
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This unwelcome traffic across national and international boundaries has prompted 
multigovemmental conferences to discuss the causes, sources, and extent of acid rain, 
the outlook foi the future, and if possible, to find corrective measures. Treaties between 
nations defining responsibilities and outlining joint actions may have to be drawn. 
Expressions of concern were voiced at a 1979 international conference in Toronto by 
Canadian officials who stated that acid rain is their “most serious environmental prob¬ 
lem ; by U.S. officials who announced that “too much damage has already been done 
by acid rain—too many trout lakes and salmon streams have already been rendered 
lethal to fish, and valuable wilderness areas are beginning to show signs of acidifi¬ 
cation”; and by others. 

The effect of acid on streams and lakes has resulted in the lowering of pH values 
of some of them to values betwen 2.8 and 5.0. This acidification causes the decimation 
or malformation of fish, particularly trout and salmon. It has been estimated that 
50,(XX) lakes in the Adirondack Mountains and Ontario, Canada, have become acidified 
to the extent that fish population has declined or ceased to exist. High levels of acidity 
are also said to cause the dissolving of toxic metals such as cadmium, lead, and 
aluminum out of minerals in the bottom sediments. These toxic metals, like the acids, 
can destroy fish and also contaminate drinking water. 

The effect of acid rain on soil can cause the leaching of essential plant nutrients 
from the soil and reduce nitrogen fixation by microorganisms, which would make the 
soil less fertile. It can also dissolve aluminum and cadmium out of soil minerals, as 
mentioned above, and thus allow them to enter roots and kill trees. A recent (1982) 
study on the effects of acidity on forests at the University of Vermont showed that on 
Camel’s Hump, a 41(X)-ft peak in the Green Mountains, half the red spruce trees have 
died In West Gennany, acid rain is blamed for the death of about 3700 acres of 
evergreen trees in Bavaria. 

Dry Deposition 

A particularly lethal form of acidity is called dry deposition. This occurs when sulfate 
particles fall on tree leaves before mixing with water. This dry fallout is said to account 
for about half the total acid fallout. When these particles mix with surface or rain 
water, they become concentrated sulfuric acid. 

Attempts to alleviate the problem so far (1982) have met with little success. The 
most serious of these attempts involves dispersal and detoxification of the emissions 
that cause the acid rain in the first place. Other plans involve the breeding of new 
plant or animal species that would be acid-resistant. Probably the most effective method 
is the use of smokestack scrubbers (Sec. 17-9) that remove much of the sulfur from 
powerplants and industrial furnaces, though they have no effect on nitrogen oxides. 
TTiey, however, are used only in a few large installations and are expensive to install 
and operate. Ironically, the dispersal of the emissions by the use of tall smokestacks, 
thought to be the answer at one time (the solution of p)ollution is dilution), is effective 
in removing particulates and exhaust locally. It has actually encouraged the 
formation of acid rain by more efficiently sending the emissions to those air currents 
lhat transport them to rain clouds, often far away from their point of origin. 
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Detoxification of lakes by the addition of lime has proven counterproductive 
because lime has been found to combine with heavy metals in the bottom sediment 
and to free them, actually increasing the toxicity of water. 

The idea of breeding of acid-resistant fish is a proposition that is not taken very 
seriously by most zoologists. 

Acid Fog 

A recently noted major acid pollutant is acid fog. Its origin is the same as acid rain 
or snow, i.e., sulfuric and nitric oxides from powerplants and, to a lesser extent, motor 
vehicles. It forms by the mixing of these pollutants with water vapor near the ground 
The acid vapors then begin to condense around very tiny particles of fog or smog, 
pick up more water vapor from the humid air, and turn into acid fog. When the water 
in the fog bums off (evaporates) due to the sun or other causes, drops of nearly pure 
sulfuric acid are left behind. It is these drops that make acid fog so acidic. In Los 
Angeles and Bakersfield in southern California, the mists have a pH of 3.0 compared 
with 4 or 4.5 for acid rain. Acid fog 100 times as acidic as acid rain has been detected. 
Cases have been reported where people had trouble breathing when it was foggy. The 
problems of fog are now believed by some to be more serious than those of smog in 
these areas. 

Many researchers consider the effects of acid precipitation, especially the changing 
of soil chemistry, to be irreversible and fear its long-range effects. Monitoring programs 
of air, soil, and water are being instituted to ascertain these long-range effects. How¬ 
ever, the uncertainty about the real extent of the problem adds to the prevailing disquiet 
regarding it. 


17-8 PARTICULATE MATTER 

Particulate matter in the atmosphere is composed of smoke, dust, and other solids 
made of a wide variety of organics and metals. Samples taken in urban areas of the 
United States between 1960 and 1965 showed average and maximum particulate con 
centrations in the atmosphere of about 100 and 1250 ^g/m\ respectively, The Los 
Angeles basin, by now shown to be a particularly bad case, is estimated to pul into 
the atmosphere some 170,000 tons/year of particulate matter, including that due to 
SO 2 , about 30 times the mass of the atmosphere over that basin. During the London 
atmospheric pollution crisis of 1962 the particulate concentration rose to 2000 ixg/m 
There is evidence that air-circulation patterns over industrialized areas cause self 
contained dust domes that aggrevate matters over these areas (Fig. 17-4). Nonurban 
areas in the United States averaged 28 /Jtg/m^. 

The total particulate matter in the 30 to 60°N latitude region of the atmosphere 
is about 3 X 10’ tons, averaging about 30 /xg/m^ (Table 17-8). Both natural and 
human activities seem equally to blame for the presence of particulate matter in the 
atmosphere. Natural causes include natural dust caused by wind, storms, volcanoes 
and natural fires, metoritic dust, and fog. Fog, although not strictly a pollutant, con 
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Figure 17-4 Air-circulation pattern over a large industnal urban area, creating a self-contained dust dome. 


tntHJtes to undesirable climatic conditions, especially when combined with smoke 
(smog). Of the human causes, dust and ash that emanate from industrial processes, 
fossil powerplants, and other combustion processes are the largest contributors, of 
which powerplants contribute about one-third. Sulfur comjxiunds are larger contributors 
to particulate matter. This comes about by the SO 2 in the atmosphere (Sec. 17-3) 
oxidizing to sulfur trioxide, SO3, which forms H2SO4 (sulfuric acid) mist, which in 
turn reacts with other materials in the air to form, among other things, ammonium 
and calcium sulfates. 

The effects of particulate matter in the atmosphere are many and varied. Besides 
the obvious effects of decreasing visibility and increasing soiling and corrosion, and 
the already mentioned effects on climatic conditions, there is a health hazard that is 
a complex function of concentration and particle size. The size distribution is given 
by the usual log mean normal distribution curve (below). Numerically, most particles 
have a diameter below 2 ^tm, with a numerical average about 1.27 ixm. The larger 
particles, however, although fewer in number, represent a greater mass fraction of the 


Table 17-8 Flowchart of particulates in the 30 to 60°N latitude^ 
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total. It is estimated that an individual breathes about 1 mg of particulate matter per 
day during times of heavy pollution, with the larger particles depositing in the mucous 
lining and the smaller ones in the deeper parts of the lungs. Particulate matter m the 
atmosphere is intrinsically toxic; it absorbs toxic substances and obstructs respirator) 
passages. An annual mean 100 to 200 /ig/m^ results in respiratory illnesses, whereas 
300 to 600 causes a large increase in the number of bronchitic patients. 


Particulate-Matter Distribution 


A Gaussian or normal distribution of a statistical quantity, such as the diameter of 
particles in a large sample, is one in which the numbers of particles of given diameters 
fall on a bell-shaped curve, symmetrical about a mean diameter, when plotted against 
the diameter on a linear scale. It is given by 


where 


N{d) 



N{d) = number of particles with diameters between 
d and d dd 


d = particle diameter 

d„ = mean particle diameter 

S = standard deviation of d, having the same 
dimensions as d and given by 



(17-1) 


(17-2) 


where N = total number of particles 

Most particle samples from emissions, however, have size distributions that follow 
a log normal distribution. This has the same symmetrical bell-shaped curve as the 
Gaussian distribution except that the variable is the logarithm of the diameter rather 
than the diameter itself. It is thus given by 

N((o) = (17-3' 

where (o = In d 

(Or, = mean value of (oot \n d 


N((o) = number of particles per unit interval bctwcccn 
In d and [In d -¥ d{\n (f)] 

== standard deviation of (o 
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Figure 17“5fl is a plot of the fraction N((o)/N showing the usual Gaussian curve 
jjyt with a logarithmic abscissa scale for d. Figure 17-5b shows a log normal plot of 
the fraction jV(aj)/N with a linear abscissa scale for d. 

The notations on Fig. 17-5^ have the following meanings. 


Count modal diameter The diameter at which the greatest number of particles occurs, 
represented by the maximum point on the distribution curve 
Count or number median diameter The diameter for which 50 percent of all particles 
or N/2 are larger and 50 percent or N/2 are smaller by count 
Count mean diameter The arithmetic mean diameter of all particles present, e.g., 
the sum of diameters of all particles present divided by the total numbers of 
particles N 

Area median diameter The diameter for which the surface area of all particles larger 
than it constitutes 50 percent of the total surface area 
Area mean diameter The diameter of a particle that has a surface area equal to the 
arithmetic mean of the surface areas of all particles 
Mass median diameter The diameter for which the mass of all particles with diameters 
larger than it constitutes 50 percent of the total mass 
Mass mean diameter The diameter of a particle that has a mass equal to the arithmetic 
mean of the masses of all particles 



Figure 17-5 Ug normal distribution of particle diameters plotted (o) on a semilog scale and (b) on a linear 

scale. 
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Devices that are used to clean up gas streams from the particulate matter they 
carry usually do better with larger particle diameters. They are characterized by (i) ^ 
fractional, or grade, efficiency and (2) an overall collection efficiency. 

The fractional, or grade, efficiency is a collection efficiency, fraction, or percent 
of mass removed, for a given particle diameter. It is rather poor for the smallest sizes 
increases rapidly with size, and becomes nearly 100 percent for the largest sizes. Figure 
17-6 shows typical fractional efficiency curves for collection equipment. The overall 
collection efficiency, on the other hand, is the fraction or percent of mass removed of 
all particles or above a specified minimum diameter. It is to be noted that although 
liquid drops in suspension are usually spherical, solid particles are not. Thus the exaci 
curve depends on what type of “diameter"’ representations are selected, e g., the 
diameter of a spherical particle having the same surface area as the nonspherical 
particle, or the same volume, the Stoke’s diameter, and others [173]. 

One must then be careful in evaluating the effectiveness of collection devices, 
which are usually characterized by the overall collection efficiency often above a given 
minimum diameter. Becaue efficiency is a mass ratio, and given the nature of the size 
distribution, a good collection efficiency might well mean a good mass removal but 
a poor numeric removal, as a very large number of small particles escape the collection 
device. 

The majority of particulate matter in the atmosphere usually ranges in size (di¬ 
ameter) from 0.1 to 10 ^m, although some are as small as 0.001 /urn and as large as 
500 ^tm. Below 0.1 (im, the particles behave like molecules and attain random motions 
characteristic of collisions with gas molecules. Between 1 and 20 ^im the particles 
tend to be carried along with the air in which they are borne. Above 20 fim the particles 



Figure 17-6 Typical fraciional ef¬ 
ficiency cup/e for collection equip 
ment. Data plotted using the Dcutseh 
equation for the data of Example 
17-1 


P.irt icic cliJiiKler c/. f/iii 
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attain settling rates that rapidly increase with size (0.3 cm/s for 10 30 cm/s for 

ttX) /xm), and they are, therefore, airborne for relatively short periods of time. The 
f^,llowing sizes are of interest; 


Particulate matter 

Size, fim 

Particulate matter 

Size, pLm 

Natural dust 

Above 1 

Tobacco smoke 

0.01-1 

Liquid mist 

Below 10 

Oil smoke 

0.03-1 

Liquid sprays 

Above 10 

Coal dust 

1-100 

Smog 

Below 2 

Fly ash 

1-200 

Natural rain 

500-10,000 

Pulverized coal 

3-500 


Systems that help solve air quality-control problems associated with fossil-fuel 
steam-generator exhausts primarily deal with particulate collection and SO2 emission 
cleanup. There are four basic types of systems: 

1. Flue-gas desulfurization (FGD) (Sec. 17-9); 

a. Wet-type scrubbers 

b. Dry-type scrubbers 

2. Particulate collection: 

a. Electrostatic precipitators (Sec. 17-10) 

b. Fabric filters (Sec. 17-11) 

17-9 FLUE-GAS DESULFURIZATION (FGD) SYSTEMS 

Gas desulfurization can be accomplished by wet, dry, 01 alkali scrubbing. These 
methods are covered in this section. 

The Wet Flue-Gas Desulfurization System 

The wet FGD system, also called a wet scrubber, is commonly based on low-cost 
lime-limestone* in the form of an aqueous slurry. This slurry, brought into intimate 
contact with the flue gas by various technique, absorbs the SO 2 in it. 

The wet scrubbing process was originally developed in the 1930s by Imperial 
Chemical Industries (ICI) in England. In the modem version of the process, the flue 
giis IS scrubbed with a slurry that contains lime (CaO) and limestone (CaC 03 ) as well 
as the salts calcium sulfite (CaSO^ ' 2 H 2 O) and calcium sulfate (in hydrate form, or 
natural gypsum, CaS 04 ■ 2 H 2 O). The SO. in the flue gas reacts with the slurry to 
lorm additional sulfite and sulfate salts, which are recycled with the addition of fresh 
lime or limestone. The chemical reactions are not known with certainty but are thought 
to be 


Lime is calcium oxide. CaO, a while caustic solid, also known as burnt lime, quicklime, and caustic 
Limestone is a rock composed almost entirely of calcium cartwnaie, CaCOj. from which building 
and lime arc made. When crystallized by heat and pressure, it becomes marble. 



728 POWERPLANT TECHNOLOGY 


CaO + HjO ^ Ca(OH )2 
Ca(0H)2 + CO 2 ^ CaCOj + H 2 O 
CaCO, + CO 2 + H 2 O — Ca(HCOj )2 
Ca(HCO ,)2 + SO 2 + H 2 O ^ CaSO, • 2 H 2 O i 

CaSO, • 2 H 2 O + -► CaS 04 • 2 H 2 O i 

One technique employs a spray tower downstream of the particulate-removal 
system (electrostatic precipitator or fabric filter) (Fig. 17-7). The flue gas is drawn 
into the spray tower by the main steam-generator induced-draft fan where it flows in 
countercurrent fashion to the limestone-slurry spray. A mist eliminator at the upper 
exit of the tower removes any spray droplets entrained by the gas. The gas may have 
to be slightly reheated before it enters the stack to improve atmospheric dispersion 

The sprayed limestone slurry collects in the bottom of the tower and is recirculated 
back to the spray nozzles by a pump. A system of feed and bleed charges a fresh 
slurry, under pH control, and discharges an equivalent amount from the circulating 
slurry. The fresh slurry is prepared by mixing the lime-limestone with water in a 
“slaker-grinder” and stirred in a slurry tank. The bled slurry is sent to a dewatering 
system, which is in the form of thickeners and filters or centrifuges, where water is 
removed from the calcium-sulfur salts. The reclaimed water is used to help make fresh 
slurry. 

The wet scrubber has the advantages of high SO 2 removal efficiencies, good 
reliability, and low flue-gas energy requirements. In addition, it is capable of removing 
from the flue gases residual particulates that might have escaped the particulate-removal 
system. 





ENVIRONMENTAL ASPECTS OF POWER GENERATION 729 


A main disadvantage is the buildup of scale in the spray tower and the possibility 
of plugging- The prevention of such scale is essential to the reliable operation of the 
tower. Scaling occurs because both calcium sulfite and calcium sulfate have low water 
solubility, normally around 30 percent, and can therefore form supersaturated water 
solutions. A minimum liquid-to-gas ratio must therefore be used, its value depending 
upon the SO 2 content of the flue gas and the expected extent of sulfite oxidation. 
Precipitation occurs at a finite rate, which necessitates holding the SO^-absorbing 
liquor in a delay tank after each pass. An insufficient delay time increases supersatura¬ 
tion and promotes scaling. Another technique for controlling scale is the use of seed 
crystals. These are calcium sulfite and sulfate precipitate crystals, in a supersaturated 
solution, that are maintained in the S02-absorbing liquor. They provide sites around 
which preferential precipitation takes place and enhance the precipitation rate. 

Other disadvantages of the wet scrubber are the reheating of the flue gas, a larger 
gas pressure drop requiring higher fan power requirements than the dry FGD system 
(below), and typically higher capital and operating costs. 

The waste material from wet scrubbers is a water-logged sludge that poses difficult 
and costly disposal problems. 

The Dry Flue-Gas Desulfurization System 

Like the wet scrubber, above, the dry FGD system, also called a dry scrubber, utilizes 
an aqueous slurry of lime, CaO, to capture flue gas SO 2 by forming calcium sulfites 
and sulfates in spray absorbers (Fig. 17-8). The slurry in this case, however, is 
atomized, usually by a centrifugal atomizer, into a fine spray that promotes the chemical 
absc^rption of SO 2 and, because of the small spray particle size, is quickly dned by 
the hot flue gases themselves to a particulate suspension that is carried along with the 
desulfurized gas stream. The reaction particulates as well as those carried by the flue 
gases (fly ash) are then removed, mainly by a fabric filter (Sec. 17-11), before the 
gas is drawn by the induced-draft fan to the stack, 

A major component of this system is the slurry-generating system. A “slaker” 
meters lime and water into an agitated tank to prepare a slaked lime slurry which, in 
turn, is diluted by additional water and processed to remove inert impurities called 
gnts, which are disposed of. The lime slurry is pumped to the spray absorber with 
the flow controlled by the amount of SO 2 in the flue gas. 

Particulates both coming in with the flue gas and generated in the FGD are collected 
from the absorber and fabric-filter hoppers and sent to a recycling silo for disposal or 
lor recycling of a portion of it with the slurry (depending upon the extent of original 
utilization of the reactant in the absorber). The recycled slurry is enriched by an alkaline 
material, such as CaO, MgO, K 2 O, or Na20. 

The main advantages of the dry system are the dry, powdery nature of the waste 
material, which poses fewer and less costly disposal problems than the wet waste from 
the wet FGD system (thought these problems are still large), and the mechanical 
simplicity of the system. 

The main disadvantage is that the efficiency of SO 2 removal is lower than that of 
the wet scrubber. 1979 NSPS (New Source Performance Standards) regulations, which 
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Bin vent filter Emergency 



Figure 17-8 Schematic of a dry flue-gas desulfurization (FGD) system {Elfctric Forum.) 


specify only 70 percent SO 2 removal in new plants, have encouraged the development 
of the dry system, however. Other disadvantages are the need for careful design 
optimization of the spray absorber and the slaker, and the strong dependence of 
collection efficiency on absorber outlet temperature, which necessitates operating as 
close as is safe to the saturation temperature that corresponds to the partial pressure 
of the water vapor in the gas in order to avoid condensation (below the corresponding 
dew point). This poses problems with filter-bag performance. 

Single Alkali Scrubbing 

Clear water solutions of either sodium (usually in the form of sodium hydroxide, 
NaOH, or sodium sulfite, Na 2 S 03 ) or ammonia (NH3) are excellent absorbers of SO 2 
The advantage of alkali scrubbing is that it avoids the scaling and plugging problems 
of slurry scrubbing by using alkaline earth. Ammonia scrubbing has the advantage 
that the scrubber product, ammonium sulfate, can be sold as a fertilizer, but the 
disadvantage that the process produces troublesome fumes. 

A well-developed sodium scrubber is the Wellman-Lord SO2 recovery process, 
which has found use in powerplants, refineries, sulfuric acid plants, and other industrial 
installations in the USA and Japan. The process utilizes a water solution of sodium 
sulfite (Na 2 S 03 ) for scrubbing and generates a concentrated SO 2 (about 90%), in effect 
removing the SO 2 gas from other flue gases. 

The flue gas from fossil powerplants (or nonferrous smelters) is first pretreated 
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by cooling and removal of particulate matter, such as by electrostatic precipitators 
(Sec. 17-10), prior to being sent to the absorber (Fig. 17-9). In the absorber the water 
solution of sodium sulfite absorbs the SO 2 in the pretreated flue gas to produce sodium 
bisulfite NaHSOa according to 

SO 2 + Na2S03 + H20-^ 2NaHS03 (17-5) 

The desulfurized gas is reheated before going to the stack in order to improve atmos¬ 
pheric dispersion. 

The sodium bisulfite is sent to a forced-circulation evaporator-crystallizer via a 
surge tank. The evaporator-crystallizer is the heart of the system. The surge tank allows 
steady flow rates into it despite gas flow and concentration fluctuations. Through the 
application of low-pressure steam, such as from a turbine exhaust, the sulfite is re¬ 
generated in the form of a slurry according to 

2NaHS03 — Na2S03 i T SO 2 T + H 2 O (17-6) 

The H 2 O is separated from the SO 2 in a condenser and recycled to a dissolving tank 
where the sulfite slurry is redissolved and sent back to the absorber via a solution 
surge tank that has the same function as the one mentioned above. 

A small amount of the circulating solution oxidizes to nonregenerable sodium 
sulfate crystals that must be disposed of. This necessitates purging a small stream of 
solution and adding fresh sulfate. 


Particulate 

removal 



Absorber 


Surpe tank 


F vaporator- 
cryst'dlizer 


Flrir, 17.9 Schematic of the Wellman-Lord SO 2 recovery process 
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The jmxiuct SO 2 may be utilized to produce liquid SO 2 or sulfuric acid, on site 
or in a satellite plant, or to produce elemental sulfur. A well-known process for doing 
this is called the Claus process, which is based on the addition of H 2 S according to 

SO 2 4- 2H2S-> 3S + 2 H 2 O ( 17 . 7 ^ 


NO Removal 

A process for the removal of NO, also by the addition of H 2 S, is proposed, It is given 
by 

NO + H^S-S + + H,0 (17-8) 

The combined removal of SO 2 and NO is under study. In both reactions, the H.S 
must be completely consumed as it is a pollutant itself. 

In 1977 the system was estimated to add an additional Sl20/kW, or some 12 to 
15 percent to the base capital cost of a powerplant. It was said operating costs would 
increase by about $60/MBtu. 

Most scrubbers in use by 1981 have been of the wet type. There is not sufficient 
experience with the dry type to establish which of the two may be selected by utilities 
in the future. Presently all scrubber systems are large and occupy a sizable area of a 
powerplant, have capital costs that run in the tens of millions of dollars for 500- to 
1000-MW plants, and consume a sizable fraction of the gross electrical output of these 
plants. They also require a lot of maintenance, which results in the doubling of operation 
and maintenance personnel and causes, consequently, larger operation and maintenance 
costs. In addition, they generate huge amounts of waste that has to be disposed of 
There are two types of disposal of FGD wastes: wet disposal, called ponding, and dn 
disposal in landfills, which are getting scarce. In general utilities are not always eager 
to build these disposal systems. Nevenheless, some 19,000 MW of FGD and sludge 
disposal systems were in operation, and 26,000 MW were under construction or 
planned, in 1981. The Electnc Power Research Institute (EPRI) has published the 
FGD Sludge Disposal Manual (CS-1515 under RP1685-1), which incorporates the 
latest waste-disposal technology and regulations and describes how to design an en¬ 
vironmentally acceptable waste-disposal system and the options available for pro 
cessing and disp>osal of the wastes. 


17-10 ELECTROSTATIC PRECIPITATORS 

The principal components of electrostatic precipitators arc two sets of electrodes The 
first is composed of rows of electrically grounded vertical parallel plates, called the 
collection electrodes, between which the gas to be cleaned flows. The second set of 
electrodes arc wires, called the discharge electrodes, that are centrally located between 
each pair of parallel plates (Fig. 17-10). The wires carry a unidirectional, negaiivel) 
charged, high-voltage (between 20 and 100 kV, but typically 40 to 50 kV) current 
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electrons themselves create more free electrons and ions, which results in a chain 
reaction or avalanche of free electrons and ions. 

The positive ions migrate to the negatively charged wire electrodes. The electrons 
follow the electric field toward the grounded electrodes, but their velocity decreases 
as they move away from the corona region around the wire electrodes toward the 
grounded plates. (A sparkover may occur if the applied voltage and the electric-field 
strength are high enough so that the avalanche formation of positive ions extends across 
the entire inierelectrode space.) 

The negative ions that migrate along the electric-field lines collide with the par¬ 
ticulate matter in the gas and charge them with a negative potential. (Random thermal 
motion creates additional collisions that result in what is called diffusion charging.) 
This continues until the particles have acquired sufficient charge and migrate to the 
grounded electrodes due to a force that is proportional to the product of the charge 
and the electric-field strength. The migration velocity is dependent upon these, as well 
as on the particle dielectric constant, and on size, being higher the larger the particles 

A theoretical model, based on the assumption of particle Stokes’ flow, which is 
applicable for a Reynolds number below 1 , and on the absence of turbulent diffusion 
and other restrictions, results in the following relationship for the migration velocity 
of a particle of diameter d 

2.95 X \{r'^p(EJsYd 

Vrr, = - - - (17-9) 

where = migration velocity mis 

p = a function of the particle dielectric 
constant that vanes betweeen 1.50 and 
2.40 for many types of dust, with an 
average of 2.0 

£ = applied voltage, V 

s = distance between charging and collecting 
electrodes, m 

d = particle diameter, m 
= gas viscosity, kg/(m • s) 

Equation (17-9) shows that the migration velocity is directly proportional to the 
particle diameter and the square of the field strength and inversely propc^rtional to the 
gas viscosity and, hence, is sensitive to changes in gas temperature because the viscosity 
of gases increases with temperature. Actual migration velocities may deviate consid 
erably from those predicted by Eq. (17-9), and design values are usually based on 
empirical observations. 

When the particles collect on the grounded plates, they are supposed to lose their 
charge to ground. The electrical resistivity of the particles, however, causes only 
partial discharging, and the retained charge contributes to forces holding the particles 
to the plates. Resistivities that are too high or too low pose problems. High festivity 
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causes retention of most of the charge, which increases the forces holding the particles 
to the plates and makes removal more difficult.* The maximum particle resistivity is 
known to occur around 3(X)°F. This can then be corrected by operating at high gas 
temperatures, for instance by installing a “hot side” precipitator, upstream of the steam- 
generator air preheater where the gas temperature is usually in excess of 600°F. Low 
resistivity, found in particles with high carbon content such as fly ash from spreader 
stokers, causes them to lose their charge quickly to ground, and thus the forces that 
hold them to the plates, and to become reentrained by the flue gas. This can be corrected 
hy increasing the holding forces by greater power input and decreasing reentrainment 
by designing low gas velocities, low electrode heights, and aspect ratios. 

Particle Removal 

When dust builds up on the plates, it deposits in a layer of increasing thickness with 
possible reentry into the gas stream unless it is periodically removed. This removal is 
done by rapping the plates to cause shock vibrations that shake the dust into hoppers 
at the bottom of the precipitator. Properly controlled and timed removal is critical for 
precipitator performance. The intensity and frequency of rapping of individual col¬ 
lection plates varies from the inlet to the outlet of the precipitator to suit the changing 
characteristics and collection rates of the dust. It is also customary to rap sequentially 
so that only a fraction of the accumulated dust is disturbed at any one time. A rapper 
device is used. It contains a vertical plunger that strikes the collection electrode support 
system to deliver the necessary shock wave and then returns back to its top position 
to prepare for the next strike. In one design the downward impact motion is effected 
by an electromagnetic coil and the return by a spring. In another the plunger is heavier, 
the impact is by gravity, and the return is by an electromagnet. 

The length of the precipitator passage in the direction of gas flow that is necessary 
to remove a given particle size is obtained by seeing to it that the lime required for 
the particle to migrate to the collection electrode has to be less than the time it takes 
It to pass through the precipitator at the same velocity as the gas. Neglecting the 
charging time, the required length would be given by 

1 - L 

Vr. ^ V, 

or (17-10) 

^here L = length of passage, m or ft 

Vg = gas velocity, m/s or ft/s 

* High resistivity may also cause the eiectnc held in the dust layer to accelerate electrons sufficiently 
to produce positive ions, thus reducing the voltage at which sparkover occurs. It may also generate enough 
positive ions even when voltage is not high enough for sparkover. the result being a back corona that 
neutralizes the unidirectional field. These effects reduce or completely disrupt precipitator performance. 
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Collection Efficiencies 


An electrostatic precipitator, and all other particle-collection devices, has an efficiency 
already mentioned in Sec. 17-8. The overall collection efficiency is given by 

_ mass or concentration of all particles retained by collector 
mass or concentration of all particles entering collector 


Although the relationships in Eqs. (17-9) and (17-10) are bised on highly idealized 
models, the trends they predict are applicable to the real case. Thus, because the 
migration velocity is greater for large particles, the length of passage necessary to 
remove them is smaller. In other words, it is easier to collect larger particles than 
smaller particles. There is, therefore, a fractional collection efficiency (also called 
the grade efficiency) that is given by 

mass or concentration of particles of a given size retained by collector 
mass or concentration of particles of a same size entering collector 

From Eq. (17-12) it can be expected that r}j increases with size of diameter d. is 
also expected to increase with electrode area and decrease with the flue-gas volume 
flow rate. Several relationships have been proposed for 17 ^. A well known one is the 
Deutsch expression, which is den ved from physical or probability considerations [ 174,175] 

= 1 - (17-13) 

where A = area of collector electrodes, m^ or ft‘ 

= migration velocity, m/s or fl/s 
Q = flue-gas volume flow rate for each plate, 

m^/s or ft^/s 


Example 17-1 Plot the Deutsch fractional efficiency for an electrostatic precip¬ 
itator that has plates with height x width of 10 x 10 m, and a spacing of 25 
cm. The applied voltage is 50,000 V. The mean flue-gas temperature and velocity 
between plates are 300°C and 1.5 m/s, respectively. Repeat for plate dimensions 
of 10 X 15 m and 10 x 5 m. 


Solution Refer to Eq. (17-9) and use p = 2.0, s = 0.25/2 = 0.125 m, and 
Pg = 2.93 X 10'** kg/(m ■ s) 




2.95 X X 2 X (50,000/0.125)^J 

2.93 X 10~5 


= 3.225 X lOV 


Refer to Eq. (17-13) and use 

Q - X cross-sectional area of flow per plate side 

= 1.5 X 10 X 0,25 X i = 1.875 m’/s 
2 
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/I = 10 X 10 = 100 


Therefore 


Vd = 1 



3 255 X lif 
I.87.S 


d 


1,72 X lO*<i 


Similarly, for 10 x 15 m and 10 x 5 m plates 

rid = 1 - ^ and 1 - e ^ ^ 

respectively. 


Tjj is plotted in Fig. 17-6 as a function of d in micrometers (/im). It can be seen that 
the plates with the larger path length are more efficient, that is essentially 100 
percent for particle sizes beyond 3 ^tm, and that the efficiency drops drastically for 
small particles. This is not in accordance with practical experience, from which mea¬ 
surements in many precipitators show a turnaround in fractional efficiency for very 
tine particles in the submicron range, with minimum efficiencies occurring in the 0.1 
to 0.5 fim range and efficiencies going back to 90 to 95 percent below 0.1 ^m. 

The Deutsch equation is now recommended for use in estimating the operation 
of a precipitator at off-design conditions. In this case a value is obtained from 
experimental studies under different operating conditions and used in lieu of V„, 
resulting in an overall collection efficiency is known as the effective migration 

velocity. Thus 

= 1 - (17-14) 

Equation (17-14) may now be used to estimate the effect of changes in volume flow 
rate Q (representing changes in plant load) on or, for the same Vmo> the effect of 
changes in precipitator design A. 

Attempts to arrive at equations more representative of modem high-efficiency 
precipitator designs [176] are being attempted. Two current ones are 

T,,. = I - e- (17-15) 

where is a variable, fitting most data at a value of about 0.5, and 



where n is a variable, fitting most data in a range between 3 and 5 (but can vary 
between 2 to 8 ). Putting n = ^ reverts Eq. (17-16) back to the Deutsch equation. In 
both equations above, is the effective migration or drift velocity. For utility fly 
ash its value can vary between 4 and 20 cm/s. 

Figure 17-11 shows an electrostatic precipitator used to clean flue gases from an 
electric-generating powcrplant. 
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Figure 17*11 An electrostatic precipitator iCourtesy Rf.seanh-Cottrell. Somerville, New Jersey.) 


17-11 FABRIC FILTERS AND BAGHOUSES 

Fabric filters are used in powerplants to remove dust particles from a gas stream on 
a principle similar to that of a household vacuum cleaner except, of course, that the 
size of fabric filters is far greater. They are made of porous material that retains 
particulate matter as the carrier gas passes through the voids. 

A fabric-filter element is usually made in the form of a long, hollow cylindrical 
tube that provides a large surface per unit of gas volumetric flow rate. The inverse of 
this parameter, called the air-to-cloth, or filtering, ratio, is equal to the superficial gas 
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velocity; i e., it is based on the surface area rather than the void flow area within the 
fabric. It ranges typically between 0.5 to 4.0 cm/s. 

A fabric-filter system usually contains a large number of vertical cylindrical fabric- 
filter elements arranged in parallel rows. Such a system is called a baghouse (Fig. 17- 
12). A powerplant baghouse might contain several thousand such cylinders, each 
ranging in diameter from 5 to 14 in and in height up to 40 ft. The exact number is 
determined by their size, the required total capacity, plus an additional number to 
allow for shutdown of portions of the baghouse for cleaning with the plant on load. 
This points to one disadvantage of baghouses; their size is large in comparison with 
other types of particulate-removal systems. 

In general, the elements have an open bottom and closed top. They rest on a tube 
sheet above a dirty-air plenum. The sheet distributes the gas evenly to the bags, allowing 
it to enter the elements at bottom, deposit its particulate matter on the inside of the 



Figure 17-12 Typical baghouse 
with mechanical shakers. iCourlesy 
Wheelabraior Frye. Inc.. Mislw- 
waka, Ind.) 
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tubes, and pass laterally through the fabric and exit to an outlet manifold where it is 
drawn out by the plant induced-draft fan. 

Collection hoppers, below the tube sheets, are receptacles for collecting the re¬ 
moved particulate matter. This matter usually collects on the inside of the elements 
in the form of a dust cake that must be made to fall down to the hopper by some 
means. Such means include mechanical shaking, pulse jets, or reverse airflow. 

Mechanical shaking is accomplished by oscillating or vibrating rods attached to 
the top of the filter elements (Fig. 17-13). The oscillations ripple the bag surfaces, 
breaking the dust cake and causing it to discharge into the hopper below. 

In pulse-jet cleaning, the bags are hung from the top, normal flue-gas flow is from 
the outside in, and dust collects on the outside of the tubes. For cleaning, short pulses 
of compressed clean air are forced down into the bags through venturis at the top 
The pulse fractures and dislodges the dust, which falls to the hopper. The bags in this 
system are usually shorter than other types (less than 15 ft) to allow for proper cleaning 
of the tube bottoms. 

Most coal-fired powerplant baghouses utilize the reverse-air method of cleaning 
In reverse-air baghouses, an auxiliary fan forces clean air through a flapper valve into 
the clean-air plenum of the portion of the baghouse that is shut off for cleaning. This 
air passes through the filter elements in a reverse direction, from the outside in, resulting 
in a “backwash” action that collapses the bag and fractures the dust cake. When the 
bag is brought back on line, it reinflates and dislodges the fractured dust cake, which 
falls into the hopper. Some designs do away with the auxiliary fan and rely upon the 
natural collapse and reinflation of the bags due to the loss of vacuum when the clean- 
air plenum is shut off from the induced-draft fan, and then by returning back on line 

Cleaning may be periodic, which requires shutdown of portions of the baghouse, 
as explained for the reverse-air system, or continuous, i.e., done on load. Continuous 



Figsrc 17-13 Shaker mechanism for the tubular fillers of a baghouse iCouriesy Western precipir^>'^>'' 
Division, Joy Manufacturing Company, Los Angeles, Calif. ^ 
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cleaning is possible with the pulse-jet system because the duration of the pulse is very 
short. 

The bag filter material can fail as a result of high temperature, burning caking 
erosion, chemical attack, and aging. A variety of fabrics have been used, depending 
upon the type of particulates and flue-gas composition, humidity, and temperature 
They include wool, cotton, nylon, glass fiber, polyesters (such as dacron), and aromatic 
polyamides [177], Wool and cotton, on one end of the scale, can operate only with 
low gas temperatures, up to about 175 or 200“F. Glass fibers, at the other end tolerate 
high gas temperatures, up to 500 to 550T. Research is continuing to find fibers that 
can withstand temperatures beyond 550°F to avoid precooling of the flue gases before 
they enter the baghouse. A baghouse is usually placed after the air preheater, which 
has a flue-gas outlet temperature of SOOT or more. High gas temperatures also mean 
high volume flow rates through the elements. Gas cooling below its dew point, which 
depends upon the water vapor mole fraction, results in condensation, which is not 
permissible with fabric filters. 

Chemical attack of the fabric is particularly severe with high-sulfur coals. With 
the shift by many utilities to low-sulfur, high-ash coals, fabric filters have become 
increasingly attractive in comparison with other particulate-removal systems, such as 
electrostatic precipitators. Their performance is also less dependent on fuel and flue¬ 
gas characteristics, and they have fewer critical design parameters. 

Figure 17-14 shows a baghouse of the type used to clean flue gases from fossil- 
fuel powerplanls. 


17 12 THERMAL POLLUTION 

All thermal powerplants (fossil, nuclear, solar) reject low-availability or low-temper¬ 
ature heat to the environment. A comparison of the amounts of heat rejected by 
powerplants of different efficiencies should be based on their output, not the heat 
added. Thus 


or 


where 


W _ 1 

~ 1 + {QrIW) 

1 

- - 1 

V 

7 ] - plant net thermal efficiency 
W = plant net output 
= heat added 


W 


Of 

W 


{\l-\la) 

{\l-\lb) 


Q/f = heat rejected 

Por plants of 1000-MW output, the heat added, and the heat rejected, in MW, are 
given as a function of efficiency in Table 17-9. Thus an increase in thermal efficiency 
10 percent, from 30 to 40, results in a reduction in heat rejected of 35.7 percent, 
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Figure 17-14 A baghousc. (Courtfsy Western Precipitation Division, Joy Manufacturing Company, Los 
Angeles. Calif.) 


from 2333 to 1500 MW. It can be seen that efficiency has a pronounced effect on 
heat rejected, greater than the change in its own value. 

Because most modem thermal powerplants have efficiencies below 50 percent, 
actually in the 30 to 40 percent efficiency range, the amount of heat rejected is greater 
than the plant output. These very large amounts of heat arc added to and affect the 
environment, and because they are mostly added to bodies of water they affect the 
aquatic ecological system. 

The heat rejected in Rankine-cycle type powerplants is usually done via the cooling 
water of the condenser. The condenser is part of a once-through circulating-water 
system (the most common) or a closed system (Chap. 7). In the once-through system 


Table 17-9 Heat added and rejected, MW, by plants producing 1000 MW, 
as a function of plant thermal efficiency 


Thermal efficiency, % 

10 

20 

25 

30 

33.3 

40 

50 

60 

Plant output W, MW 

1,000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

Heat added Qa, MW 

10,000 

5000 

4000 

3333 

3000 

2500 

2000 

1667 

Heat rejected Qk, MW 

9,000 

4000 

3000 

2333 

2000 

1500 

1000 

667 




ENVIRONMENTAL ASPECTS OF POWER GENERATION 743 


large amounts of relatively cool water are taken from the environment, passed through 
the condenser, and discharged at a higher temperature back to the environment. In the 
closed system only enough water is drawn from the environment to replace the con¬ 
denser cooling water that is lost, usually by evaporation in a cooling tower or a cooling 

pond. 


Once-Through Systems 

In the case of the once-through system, two effects are of concern. The first is the 
effect of heat on the large volumes of water as it goes through the condenser cooling 
system. The second is the effect of discharging the same but now warm water on the 
lake or stream it originated from. A lOOO-MW powerplant, depending upon its thermal 
efficiency, needs between 250 x 10^ to 400 x 10^ lbJh of condenser cooling water. 
This corresponds to about 65,000 to 100,000 ft^/min, or about 30 to 50 mVs. 

Water in a lake or a stream is a habitat for numerous species of animal and plant 
life. A good intake system must therefore be designed to screen out these organisms. 
Nevertheless, simple screens still let through small organisms such as fish eggs, larvae, 
and plankton. And some larger fish, unable to escape because of the speed and volume 
of intake water flow, impinge and accumulate on the screens along with other debris 
from the lake or stream, thus requiring frequent cleaning of the intake screens. A 
method conceived to minimize impingement and entrainment is the use of a porous 
dike upstream of the intake screen. Built of suitably sized rocks, it slows the speed 
of water at intake so that small fish are not easily drawn toward the intake screen. 

The organisms that do filter through the screens pass through pumps, pipes, hot 
condenser tubes, and other cooling-water system components before being discharged 
back to the lake or stream. In this path, they are subjected to buffeting, pressure, and 
heal, resulting in a high mortality rale. The ecosystem is said to be “stressed.” Some 
ecological studies, however, indicate that ecosystems, like populations, have a natural 
resilience to compensate for adverse impacts on small parts of the whole. 

From an engineering point of view, these organisms, dead or alive, clog filters, 
pipes, and pumps. Furthermore, bacterial slime and algae grow rapidly on the inside 
surfaces of the lubes, a condition known as bifouling. This is usually accompanied by 
scaling, which is caused by corrosion and the deposition of suspended solids in the 
water on the same surfaces. Bifouling and scaling reduce the bore of the condenser 
tubes, reduce heat transfer, and thus reduce condenser effectiveness, which in turn 
raises the back pressure on the turbine and thus reduces plant efficiency. In addition, 
these conditions increase pressure drops and pumping pK)wer in the circulating-water 
system, further reducing plant net output. 

Bifouling and scaling can be combatted by frequent applications of chemicals 
such as chlorine. But chlorine and its compounds are discharged with the cooling 
water and are potentially harmful to the ecosystem.* In severe cases, condenser tubes 
cleaned by mechanical means that require costly plant shutdowns. 

* The Ocean Water Act of 1977, which mandates that electric utilities change their cooling systems to 
best available technology,” requires them to limit the use of chlorine. 
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Figure 17-15 Warm cooling water from a poweqjiant used in fish hatcheries, greenhouses, and open 
agricultural fields before passing through a cooling lake on its way back to the main river. {Reprintedfrom 
the EPRI Journal.) 

The warm water discharged in a once-through cooling system is some 20 to 25°F 
(11 to 14°C) above intake. The effect of this on the ecosystem depends upon the plant 
site, whether the plant is situated on a river, lake, estuary, or ocean, as well as on 
the workings of the aquatic world it is having an impact upon. Studies of flora and 
fauna,♦ necessary to understand the problem completely, are not simple and are time- 
consuming. Examples arc fish spawning and migration patterns, especially in estuanes 
and sheltered coastal areas where environmental disturbances can cause great damage, 
the effect of small concentrations of chlorine on various species of aquatic life, etc 

* Plants and animals. In classic mythology Flora is the goddess of flowers, Fauna is a Roman goddess, 
the sister of Faunus, the god of nature and patron of fanning and animals. 
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Warm-water discharges in large volumes were once suspected of causing major 
ecological damage. It has, however, been recently demonstated that with good planning 
and management, warm water can be beneficial. It can for example be used to boost 
fish production in hatcheries (Fig. 17-15). (Commercial operations are already under 
way; an example is the Long Island Oyster Farm, operated in conjunction with the 
Long Island Lighting Company plant in Northport, New York.) It can also be used 
in agriculture, where it has been found to increase materially the production in green¬ 
houses and open fields in cold climates. (An example is an agricultural facility operated 
in conjunction with the Northern States Power Company plant in Sherburne County, 
Minnesota.) Long-range economic questions, however, arise as to the relative gains 
from increased agricultural production versus costs of constructing the facilities, pump¬ 
ing the water, etc. 

Closed Systems 

Closed systems take in only sufficient water to make up for losses by evaporation from 
cooling towers, ponds, etc. They use corrosion-inhibiting additives with the cooling 
water. The systems are periodically flushed out, which releases these additives to the 
body of water on which the plant is situated, thus resulting in water pollution. 

In general it is believed that fish mortality caused by powerplants is insignificant 
when compared with their natural mortality rate. It is also a fact that aquatic life is 
resilient and compensates naturally for the decrease in its population by producing 
more young or by increasing the survival rate of the normal number of young popu¬ 
lation, although this compensation is not always automatic and requires further study. 
Fir ally, an assessment should take into consideration the relative benefits of supplying 
the electric energy needed for the welfare of humankind and the loss, regrettable as 
it is, of an insignificant quantity of aquatic life, especially when the plant sites are 
chosen with care. 


17-13 NATURAL AND ARTIFICIAL RADIOACTIVITY 

Just like gaseous and particulate matter, which are caused by both natural and artificial 
events, radioactivity or radiation”^ in the environment is also caused by both natural 
and human-generated events. Of all environmental radioactivity, the portion contrib¬ 
uted by nuclear powerplants in normal o[)eralion is miniscule. The history of nuclear- 
powerplant operation strongly suggests that even with abnormal operation (accidents), 
that portion is still insignificant. This suggests that the crisis atmosphere periodically 
generated by opposition to nuclear powerplants on this issue is largely unjustified. 

Natural radioactivity has always been present. It comes from the sun and outer- 

* The term radiation is a broad term that includes light (electromagnetic) and radio waves. However, 
IS often used to mean radioactive or ionizing radiation, which can present a health hazard. It will be 
used in the latter sense in this section. 
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space; it exists in numerous earth materials and in food, water, and air. It is generated 
by natural eruptions and volcanoes. It even exists within our own bodies; the human 
body contains about 0.35 percent (by mass) potassium, of which 0.0118 percent is 
radioactive potassium 40. The total of these is often called natural background ra¬ 
diation. Its level varies widely from location to location around the earth but averages 
about two-thirds of all radiation present. 

It is instructive here to compare a natural occurrence with a human-made abnormal 
one. These are the eruptions from Mount St. Helens in the state of Washington, USA 
that first erupted in May 1980, and the March 1979 accident at Three Mile Island 
nuclear powerplant unit No. 2 (TMI-2). The President’s commission to investigate 
TMI-2, the Kemeny Commission, estimated in its report [178] that a total of about 
2.5 million curies (Ci) of noble gases, mostly xenon, were released over the course 
of the accident. On the other hand, an extensive study by Battelle Pacific Northwest 
Laboratories of the ash from Mount St. Helens estimates that up to 3 million Ci of 
radon gas were released in the eruption of one day, May 18, alone. 

Both xenon and radon are noble gases that are chemically and biologically men 
The difference, however, is that radon decays to a series of radioactive daughter 
elements that are chemically and biologically active. Thus the radioactive release from 
Mount St. Helens due to the gases alone is much more significant than that from TMl- 
2. In addition, the ash from the eruption at Mount St. Helens that spread over vast 
areas of the state of Washington and beyond was found to contain significant radio¬ 
activity from isotopes such as radium 226, potassium 40, thorium 232, polonium 210, 
and lead 214. Newly fallen ash was also found to contain rather high concentrations 
of the short-lived radon daughters lead 214, bismuth 214, and polonium 214. Note 
also that Mount St. Helens has erupted with varying intensity several times since May 
1980. 

Of the artificial sources of radioactivity we are subjected to, medical irradiation.s 
(x-rays, etc.) account for the largest portion, about 30 percent of the total. Occupational 
exposures, fallout from nuclear weapons tests, and miscellaneous sources (such as 
high-altitude flying) account for less than I percent each. Releases from the nuclear- 
power industry, including fuel manufacturing and reprocessing and powerplant emis 
sions, account for some 0.15 percent of the total (Table 17-2). 

Both natural and artificially generated radiations may be classified as particles and 
electromagnetic radiation. The particles include beta (P) or (electrons in a free 
state); alpha (a) or 2 He'^ (helium nuclei); as well as positrons ^ (positively charged 
^); neutrons, n; protons, p or |H‘; tritons, ,H'; and fission products. The electromag¬ 
netic radiation includes gamma (y) rays, x-rays, and Bremsstrahlung. Examples ol 
radioactive reactions (or disintegrations) that cause these radiations are; 


I 28 X 10’ yc*r^ 




7N'" ..e"" 


(17-18) 

(17-l‘^) 


Alpha; 


24,000 yc*n 


+ ^He' 


(17-20) 
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1600 yean 

+ zHe" 

Positron: , 451 "^ + ^ 

Neutron; _ J»»nin ^ ^ 4 Xe''*^ + 0 ^' 

The original isotope is often called the parent. The first isotope on the right-hand 
side is called the daughter. The emitted particle is the radiation. (Gamma decay by 
itself does not alter the isotope, only its energy level, however y rays often accompany 
other radiations.) The daughter may be stable or radioactive; if radioactive, it in turn 
decays, resulting in a radioactive chain, sometimes of considerable length. The half- 
life of each parent, shown above the arrows, is defined as the time during which one- 
half of the original parent nuclei decays and one-half is left. One-quarter is left after 
two half lives, one-eighth after three, etc. (Sec. 9-8). 


(17-21) 

(17-22) 

(17-23) 


The Curie 

A radiation dose means that a person has been exposed to and has absorbed some 
radiaton energy. Radiation has both quality and quantity. The quantitative physical 
unit of radioactivity is the curie. Ci (and its fractions millicurie, mCi; picocurie, pCi, 
Ci; etc.). 1 Ci = 3.70 x 10 ’^ disintegrations per second. The number of curies 
emitted by a radioisotope depends upon both its mass and its half-life. 


Example 17-2 Compute the activity in disintegrations per second of 1 g of radium 
226. Ra^^^ has an atomic mass of 225.0245. It decays into radon gas with the 
emission of a particles, with a half-life ^ = 1600 year = 5.049 x 10*^ s. 


Solution Initial number of atoms of Ra^"^ in 1 g is 

^ Avogardro’s number 
atomic mass 


6.0225 X 10'^ 


Decay constant A = 


226.0245 
0.6931 0.6931 


= 2.6645 X lO'^ 


Activity = XNo = 


5.049 X 10 
0.6931 


1.3727 X 10 




= 1.3727 X KT” 


X 2.6645 X I0^‘ = 3.6476 x 10'“ dis/s 

This activity is small compared with the initial number of atoms. The activity of 
radium may thus be considered constant, a true phenomenon for any radioactive species 
«'ith a long half-life. Early measurements of radioactivity indicated that 1 g of radium 
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had an activity of 3.70 x 10‘° dis/s instead of the more accurate value given above 
3.7 X 10‘° was, and still is, adopted as the numerical value for the curie. A curie is 
also used to indicate the quantity of any isotope having 1 Ci of radioactivity. 


The Rad and the Gray 

While the curie is a physical quantitative unit that indicates the number of radioactive 
events or disintegrations, it must be recognized that different radioisotopes emit dif¬ 
ferent radiations with different energies. A more significant unit from the point of 
view of biological effect is the rad. The rad is a unit of radiation energy absorbed. 1 
rad = 0.01 J/lcg (4.3 x 10^ Btu/lbJ, 1 millirad = mrad = 0.00001 J/kg. Some 
higher-than-average natural background levels, measured in mrad/year, emanate from 
monazite sand in Egypt (220 to 475), some beaches in Rio de Janeiro, Brazil (550 to 
1250), the city of Kerala, India (800 to 8000), granite areas in Sri Lanka (3000 to 
7000), and others. The rad is now being replaced by another unit in the SI system of 
units, called the gray (symbol Gy). 1 Gy = 1 J/kg = 100 rad. 


The Rem and the Sievert 

The biological effect of radiation on human beings must further take into account not 
only the total energy absorbed but also the relative biological effects of different types 
of ionizing radiation on f^eoplc, such as the number of cells damaged by this radiation 
Thus the rad is multiplied by a factor called the relative biological effectiveness (RBE), 
also called the quality factor Q. to obtain a more meaningful unit called the rem, for 
roentgen equivalent man (a millirem, mrem, is one-thousandth of a rem). Thus 

1 rem = 1 rad x RBE (17-24) 

some RBE values are 0.6 for 4-MeV gamma rays, 1.4 for 1-MeV electrons, 4 to 5 
for thermal neutrons, and 2 to 10 for 1-MeV neutrons. These values are relative, based 
on an RBE for 2(X) kVp x-rays equal to 1. In the SI system of units, Gy replaces the 
rad, and therefore a new unit called the sievert (symbol Sv) replaces the rem 1 
Sv = 100 rem. 

In addition, the rate at which the radiation is received is important. An analogy 
here may be made with drinking liquids. Some drinks arc more harmful to health than 
others. A small quantity of a potentially harmful drink may not be harmful A large 
quantity, say taken in the course of one evening, is. However, that same quantity 
would not be harmful if taken over a long period of time, say weeks. Thus the rate, 
mrem/h or mrcm/year, is also important. Table 17-10 lists some examples of doses 
and dose rates we are exposed to in our normal lives. 

Radiation effects arc a complex subject. A complete treatment is beyond the scope 
of this text. They arc, however, covered in the next sections where appropnate For 
a fuller treatment, the reader is referred to specialized books on radiation and on health 
physics [179-184). 
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Table 17-10 Some common doses and 
dose rates of radioactivity 


Source 

Dose, 

mrem 

Dose rale, 
mrem/year 

1 diagnostic x-ray 

20 


1 transatlantic flight 

2 


Cosmic rays 


45 

Soil 


15 

Food, water, and air 


25 

Brick house 


50-100 

Concrete house 


70-100 

Wooden house 


30-50 

TV set 


l-IO 

Living in the vicinity of a 
nuclear powerplant 


1 

Average background; 

New York 


100 

London 


100 

Paris 


120 

Denver 


125 

Kerala, India 


400 


17-14 NUCLEAR POWER AND THE ENVIRONMENT 

In iht United States, and doubtless in almost all countries constructing nuclear pow- 
erplants, federal licensing proceedings for each plant require the inclusion of detailed 
environmental statements to be issued as public documents. In the United States, these 
should be in accordance with the National Environmental Policy Act of 1969 (NEPA). 
Such statements must assess not only the impact upon the environment that is associated 
with the construction and the operation of the powerplant, but also the effect of the 
transportation of radioactive materials to and from that plant. 

Besides thermal pollution (Sec. 17-12) which it shares with almost all types of 
powerplants, nuclear power’s effects on the environment stem mainly from (1) the 
nuclear fuel cycle, (2) low-level dose radiations from nuclear-powerplant effluents, 
and (3) low- and high-level dose radiations from wastes. 


The Fuel Cycle 

Most nuclear powerplants in operation or under construction in the world today are 
using, and will continue to use for the near future, ordinary (light) water cooled and 
moderated reactors; the pressurized-water reactor (PWR) (Sec. 10-2) and the boiling- 
water reactor (BWR) (Sec. 10-7). A small number use the heavy water cooled and 
moderated reactor (PHWR) (Sec. 10-14). The expectations are that the fast-breeder 
reactor powerplant (Chap. 11) and perhaps an improved version of the gas-cooled 
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reactor powerplant (Sec. 8-11) will come on line in increasing numbers in the twenty- 
first century. Almost all current water reactors use slightly enriched uranium dioxide 
UO 2 , fuel. The fuel has to go through a cycle that includes prereactor preparation 
called the front end, in-reactor use, and postreactor management, called the back end 
A typical fuel cycle may or may not incorporate fuel reprocessing in the back end 
(Fig. 17-16). The different processes are briefly explained below. 

1. Mining of the uranium ore. 

2. Milling and refining of the ore to produce uranium concentrates, U 30 g. 

3. Processing to produce of uranium hexafluoride, UF6, from the uranium concen¬ 
trates. This provides feed for isotopic (U^^^) enrichment. 

4. Isotopic enrichment of uranium hexafluoride to reach reactor enrichment require¬ 
ments. This is done invariably now by the gaseous diffusion process. 

5. Fabrication of the reactor fuel elements. This includes conversion of uranium 
hexafluoride to uranium dioxide UO 2 , pelletizing, encapsulating in rods, and as¬ 
sembling the fuel rods into subassemblies. 

6. Power generation in the reactor, resulting in irradiated or spent fuel. 

7. Short-term storage of the spent fuel. 

8. Reprocessing of the irradiated fuel and conversion of the residual uranium to 
uranium hexafluoride, UF* (for recycling through the gaseous diffusion plant for 
reenrichment) and/or extraction of Pu‘^’ (converted from U^^*) for recycling to the 
fuel-fabrication plant. Reprocessing can reuse up to % percent of the original 
material in the irradiated fuel with 4 percent actually becoming waste. 

9. Waste management, which includes long-term storage of high-level wastes. 
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Ftgvrv 17-16 A typical nuclear fuel cycle (a) with reprocessing and (fr) without reprocessing (1^61 
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Step 8, reprocessing, may be bypassed, which results in disposal of both reusable 

fuel and wastes. This is the current (1982) U.S. Department of Energy process for 

dealing irradiated fuel. The fuel assemblies are stored for at least 10 years and 

then buried. This is the so-called throw-away fuel cycle (Fig. 17-166). 

Wastes 

The wastes associated with nuclear power can be summarized as: 

1 Gaseous effluents. Under normal operation, these are released slowly from the 
powerplants into the biosphere and become diluted and dispersed harmlessly. 

2 Uranium mine and mill tailings. Tailings are residues from uranium mining and 
milling operations. They contain low concentrations of naturally occurring radio¬ 
active matenals. They are generated in large volumes and are stored at the mine 
or mill sites. 

3 Low-level wastes (LLW). These are classified as wastes that contain less than 10 
nCi (nanocuries) per gram of transuranium contaminants and that have low but 
potentially hazardous concentrations of radioactive materials. They are generated 
in almost all activities (power generation, medical, industrial, etc.) that involve 
radioactive matenals, require little or no shielding, and are usually disposed of in 
liquid form by shallow land bunal (Fig. 17-17). 

4. High-level wastes (HLW). These are generated in the reprocessing of spent fuel. 
They contain essentially all the fission products and most of the transuranium 
elements not separated dunng reprocessing. Such wastes are to be disposed of 
carefully (Sec. 17-16). 

5, Spent fuel. This is unreprocessed spent fuel that is removed from the reactor core 
after reaching its end-of-life core service. It is usually removed intact in its fuel- 
element structural form and then stored for 3 to 4 months under water on the plant 




Figure 17-17 A typical low-levcl liquid-waste storage lank with double-walled containment. 
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site to give time for the most intense radioactive isotopes (which are the ones with 
shortest half-lives) to decay before shipment for reprocessing or disposal. Lack of 
a reprocessing capacity or a disposal policy has resulted in longer on-site storage 
however. If the spent fuel is to be disposed of in a throw-away system (without 
reprocessing), it is treated as high-level waste. 


17-15 RADIATIONS FROM NUCLEAR-POWERPLANT EFFLUENTS 

Radiations from nuclear-powerplant effluents are low-dose-level types of radiations 
The effluents are mainly gases and liquids. Environmental concerns about nuclear 
powerplants are prompted mainly by the effects of these radiations on the populations 
living near the plants. Sources of effluents vary with the type of reactor 

In both pressurized-water reactors (PWR) and boiling-water reactors (BWR), two 
important sources of effluents are (1) the condenser steam-jet air ejectors and (2) the 
turbine gland-seal system. The ejector uses high-pressure steam in a series of nozzles 
to create a vacuum, higher than that in the condenser, and thus draws air and other 
noncondensable gases from it. The mixture of steam and gases is collected, the steam 
portion condenses, and the gases are vented to the atmosphere (Sec. 6-3). In the gland 
seal, high-pressure steam is used to seal the turbine bearings by passing through a 
labyrinth from the outside in so that no turbine steam leaks out and, in the case of 
low-pressure turbines, no air leaks in. The escaping gland-seal steam is also collected 
and removed. In the BWR, the effluents come directly from the primary system. In 
the PWR, they come from the secondary system, so there is less likelihood of radio¬ 
active matenal being exhausted from a PWR than a BWR from these sources. 

The primary-coolant radioactivity comes about mainly from fuel fission products 
that find their way into the coolant through the few small cracks that inevitably develop 
in the very thin cladding of some fuel elements. Such activity is readily detectable 
However, to avoid frequent costly shutdowns and repairs, the system is designed to 
operate as long as the number of affected fuel elements does not exceed a tolerable 
limit, usually 0.25 to 1 percent of the total. Also, some particulate matter finds its 
way into the coolant as a result of corrosion and wear (erosion) of the matenals of 
the primary system components. These become radioactive in the rich neutron cnvi 
ronment of the reactor core. Corrosion occurs because the radiolylic decomposition 
of the water passing through the core results in free O 2 and free H and OH radicals 
as well as some H 2 O 2 These lower the pH of the coolant and promote comision 
Finally, radioactivity in the primary coolant may be caused by so-called tramp uranium 
This is uranium or uranium dioxide dust that clings to the outside of the fuel elements 
and is insufficiently cleaned off during fabrication. It will, of course, undergo fission, 
and its fission products readily enter the coolant. The problem of tramp uranium is 
being minimized by improved processing and quality control. 

The primary coolant is cycled through a demineralizer system (Sec. 6-8) that 
removes the contaminants by an ion-exchange process. Corrosion is inhibited by the 
slow addition of small amounts of lithium hydroxide, LiOH, to control acidity, and 
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the addition of hydrazine, NH 2 NH 2 , during shutdown to remove the radiolytic 

oxygen. 

Of the above sources, the neutron activiation of the corrosion and wear products 
represents the major activity in the primary coolant. The materials irradiated include 
2 ircaloy, Inconol, stainless steel, carbon steel, and other steel and copper alloys that 
may be rich in nickel, chromium, and cobalt. The principal “crud” activity in PWRs 
is due to Co^®, which results from the neutron irradiation of Ni^® with the release of 
a proton (hydrogen nucleus). In BWRs it is due to Co^, which results from the 
irradiation of Co^’. Other activities in both reactor types are due to Fe^^, Cr^‘, Mn^, 
Zr'V Zircaloy 4, used as cladding in most water reactors, contributes very little to the 
crud because the oxide film adheres well to the zircaloy. 

Another form of activation in the primary coolant in water reactors is the result 
of the irradiation of the primary coolant itself. The main radioactivity is due to the 
neutron capture of oxygen in the water. (Neutrons captured by hydrogen convert it to 
nonradioactive deuterium.) The most important of the oxygen reactions, because of 
the high energy y emitted, is the 0‘^(n,p)N’^ reaction. It has a microscopic cross 
section of 1 .4 x 10"’ bam and is given by 

+ on* 7 N*'’ 4- ,H‘ (17-25) 

N‘^ is a radioactive /3 and y emitter, reverting to O’^, with a half-life of 7.2 s. The 
^rays are mainly of 3.8, 4.3, and 0.5-MeV energy. Gamma rays are mainly of 6.13- 
and 7 . 10 -MeV energy. Another reaction of somewhat less importance is caused by 
the neutron capture by O’’’, which is present to the extent of 0.024 percent of all 
oxygen The reaction is 0'®(n,'y)0‘‘^. is also a /3 and y emitter of 29-s half-life 
that converts to stable A third reaction of some importance is due to 0‘^ present 
to the extent of 0.037 percent of all oxygen. The reaction, 0*^(n,p)N^^, results in N*^, 
also a /3 and y emitter of 4.16-s half-life, which reverts back to Although the 
cross section for this reaction is greater than the first one by a factor of about 10 *, its 
effect is reduced by the small concentration of 0*^ in water. These and other resultant 
isotopes that yield only a few weak radiations are shown in Table 17-11. 

Impurities other than corrosion and erosion products also exist in the primary 
water. The main one is argon 40, which enters into solution in water from the at¬ 
mosphere, where it exists to the extent of 1 percent by volume. It undergoes the 


Table 17-11 Principal activation of water in reactors 

Isotope Half-life Concestrations BWR release, p.Ci/s 


0 ” 

NI7 

N'-’ 

F'* 


7.20 s 
26.80 s 
4.16 s 
9.9 min 
109.8 min 


1.0 X 10^ 
8.0 X 10-' 
1.6 X 10-^ 
6.5 X I0-’ 
4 0 X 10"’ 


1.7 X 10* 
1.4 X 10® 
2.6 X 10^ 

1.2 X to" 

7.2 X 10^ 
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Ar^(n, 7 )Ar^^ reaction. Ar^* is a )3 and y emitter with a 1.83-h half-life that decays 
to stable potassium 41. With limited water exposure to the atmosphere and hold decay 
tanks used for effluents, the effect of this reaction is minimal. 

Although all these activities can be released with effluents from water-reactor 
powerplants, the BWR is unique in that the primary coolant is also the working fluid 
and hence the gaseous isotopes, in particular, are more likely to be released to the 
atmosphere. The fourth column in Table 17-11 indicates the possible release rates in 
a 1000-MW BWR. 

A problem that is more characteristic of PWRs than BWRs, on the other hand 
is that of tritium. Tritium, a gaseous emitter of 12.25-year half-life, is primarily the 
result of using chemical shim with boric acid in the primary water in PWRs (Sec. K). 
5). A little less than 20 percent of all boron is B'^^. Upon neutron capture it undergoes 
the reaction B‘^(n,T)2a given by 

5B'« + 0/2*-^ + 22Her (17-26) 

by which a tritium atom, or T, and two a particles (helium nuclei) are released. 
This reaction has a neutron-energy threshold of about 1.5 MeV, below which it will 
not take place. The tritium, like ordinary hydrogen, becomes a diatomic gas, ,H 2 or 
T:, or combines with hydrogen to become HT. 

Other tritium-producing reactions are due to lithium and deuterium. Lithium enters 
the primary coolant through the use of LiOH in the demineralizer or ion exchanger, 
which is used to help maintain the pH value of the primary water at an alkalinic 9.5, 
Lithium 6 constitutes about 7.4 percent of all lithium. Upon neutron capture, it under- 
goes the reaction Li(ri,a)T, given by 

,Li'’ ^ on' ,H- + .He" (17-27) 

This reaction occurs at all neutron energies. Again the tritium becomes T. or HT gas 
Tritium production from this source can be eliminated by substituting KOH or NH4OH 
for LiOH in the demincralizer. It may be noted here that BWRs use no chemical shim 
and no lithium compounds, and, hence, the tritium in their liquid effluents is less than 
10 percent of that in PW'Rs. 

I>euterium dioxide or heavy water, or D 2 O, is present to the extent of 0.015 
percent of all water. Upon neutron capture one or both deuterium atoms in the heavy- 
water molecule undergoes the reaction D{/i, ‘y)T, given by 

.H^ -h ^ y (17-28) 

resulting in DTO or T 2 O. This reaction contributes insignificantly to the production 
of tritium when compared with the preceding two. Tritium is also generated as a result 
of the use of boron-bearing control rods, which usually contain boron in the form of 
B4C. (Reactors using Ag-In-Cd control material produce less tritium.) Tritium is also 
generated in ternary fission, i.e., fission that results in three, instead of two. fission 
fragments, one of which is tritium. A small fraction of this tritium, estimated at 
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percent, escapes the fuel through the Zircaloy cladding and enters the coolant. (Stainless 
steel cladding allows a much higher percentage of tritium to pass through.) Most of 
this tritium, therefore, is released in fuel-reprocessing plants rather than at the reactor 
site. 

When tritium, generated as Tj or HT gas, enters ordinary water H 2 O, one T atom 
replaces one H atom in the water resulting in HTO and releasing hydrogen gas H 2 
according to 

T 2 H 2 O -► HTO + HT 
and HT + H 2 O HTO + H 2 

HTO is physically and chemically similar to H 2 O and becomes an integral part of it. 
Some of this “tritiated water” eventually finds its way into the environment. 

In heavy-water reactors, as it is to be expected, the nearly 100 percent D 2 O 
coolant accounts for particularly large tritium production, according to Eq. (17-28). 
As with light-water reactors, heavy-water reactors also suffer from production, 
Eq. (17-25). 

In high-temperature gas-cooled reactors that are helium-cooled (the HTGR, Sec. 

10- 12), tritium is generated by the neutron activation of He\ which is present to the 
extent of 0.00013 percent of all helium. It is also generated by ternary fission to a 
greater degree than in water reactors. Tritium, however, can be removed from helium 
by absorption on a titanium sponge, which requires regeneration, normally every few 
months. 

In liquid-metal-cooled fast reactors, the primary coolant, sodium, becomes in¬ 
tensely radioactive during plant operation. All naturally occuring sodium is made up 
of the isotope Na^^. When subjected to neutrons, it undergoes the reaction Na^^ 
(n,y)Na^^. Na^^ is a radioisotop)e of about 15-h half-life that decays into stable Mg^** 
while emitting y radiations, mainly of 2.76 and 1.38 MeV. The primary system, 
however, is separated from the steam cycle by a sodium intermediate system (Sec. 

11- 3) that docs not become radioactive. The primary system operates at low pressures, 
below those of the intermediate and steam systems, so there is a very low likelihood 
of the radioactive sodium’s leaking into the atmosphere and none of its leaking into 
the intermediate and steam systems. 

One advantage of sodium is its ability to combine with or retain other elements. 
Some fast-reactor fuel elements arc designed so that their gaseous fission products, 
such as iodine, xenon, and krypton, are vented into the coolant. Others may release 
fission products u(x>n cladding failure. Sodium tends to retain some of these pro¬ 
ducts, forming sodium iodide or holding cesium in solution, so that they do not 
escape to the gas blanket (usually argon) that separates sodium from air. Xe and 

on the other hand, arc not retained by Na and would escape into the gas blan¬ 
ket. 

A discussion of the biological effects of low-Ievel radiation on human beings is 
a large subject and is beyond the scope of this text. It is, however, believed to be 
slight when compared with other hazards, such as toxic wastes [185]. 


(17-29) 
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17-16 HIGH-LEVEL WASTES 

We will be concerned here with the high-level wastes that result from the spent fuel 
High-level wastes, because of the intense exothermic activity (Sec. 9-7), generate too 
much heat for cariy passive burial and have to be cooled, usually by air circulation 
or other means, possibly for decades, before they can be permanently stored. 

The level of activity is not as long as generally perceived. Although some fission 
products have extremely long half-lives, it should be recalled that the intensity of 
radiation is not a sole function of the half-life but is also a function of the energy 
generated in the reaction. Figure 17-18 [186,187] shows the relative energy generated 
by some of the more important fission products versus time. The level of activity is 
so high the first 10 years that storage can probably be best accomplished if the wastes 



Flpvt 17-lf Relative energy generated by the mart importani fission products in high-level waste 
spent nuclear fud 1186 ]. 
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were in liQuid form. After 10 years, the level drops by nearly an order of magnitude, 
thus permitting storage in solid form. It is interesting to note another and sharper drop 
in energy generated between 100 and 1000 years. 

Figure 17-19 shows the relative “hazard"’ generated by the high-level waste and 
that generated by the original uranium ore as extracted from the ground. It shows that 
the high-level waste hazard drops below that of the ore it originally came from after 
about 800 years. The argument, based only on the half-lives of the isotopes, that stored 
nuclear waste would be a hazard to humanity for tens of thousands of years is, therefore, 
an inaccurate one. 

Biological Effects of High-Level Wastes 

Although all possible efforts are made to isolate high-level wastes from the biological 
system, it is instructive to study their effects. The principal effect is the destruction 
of body cells in the vicinity of the irradiated region. The effects are classified as 
somatic or genetic. 

Somatic effects are limited to the exposed individuals. They are a direct result of 
the doses received by cells arKl manifest themselves in some form of malignancy. 
There is much information on high-dose irradiation effects on small animals that 
suggests that the frequency of effects within their population is proportional to the 
dose. There is, on the other hand, very little information on human beings. The only 
groups that have received high doses are the survivors of the atomic bombing of 
Hiroshima and Nagasaki, those receiving therapeutic radiation cancer treatment, and 
some occupationally exposed workers, such as those who work in underground uranium 
mines 



Figurr 17-19 Ratio of hazards of high- 
level waste to those of ongifial ura¬ 
nium on versus time. (From Ref. 188. ( 
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High-dose levels of radiation can result in leukemia, which occurs most frequentlv 
within a few years after doses of 50 to 500 rad. By 25 years, its frequency drops to 
levels that are normally encountered in the absence of radiation. Lung cancers have 
been observed in Hiroshima survivors who received 30 to 100 rad of gamma radiation 
Estimates were that 10 cancer cases at 250 rad to 40 cases at 30 rad develop per rad 
for each million people during the first 25 years after exposure. Other information is 
available for the incidence of breast cancer (6 to 20 cases), thyroid cancer (40 cases) 
and other types of cancer (40 cases), all per rad for each million in the first 25 years 
after exposure to levels between 60 and 400 rad. Uranium miners exposed to at least 
a few hundred rads of alpha radiation from radon gas and its radioactive daughters 
show a high incidence of lung cancers. On the other hand, current evidence indicates 
few, if any, somatic effects can be detected at doses below 10 rad. 

Genetic effects can be transmitted to the descendants of exposed individuals and 
thus affect unexposed generations. They are radiation-induced changes in the genetic 
materials of sex cells. They manifest themselves in different ways; (1) gene* mutations 
(changes) that result in changes in the functions of individual genes, (2) chromosomet 
aberrations due to breakage and reorganization of chromosomes, and (3) changes m 
the number of chromosomes. Such changes can result in offspring abnormalities, 
ranging from mild to lethal. Unfortunately (or rather fortunately), useful and adequate 
human data on the effect of high doses of radiation arc not available and estimates o) 
high doses to human reproductive cells are based on research on mice and other species 
Such estimates yield ranges as wide as 30 to 15(X) mutations per million babies per 
rad of acute exposures to males, and about half of that to females. Based on the 
response of mouse ovaries, it is expected that the effect on females may approach nil 
if conception occurs a sufficient time after exposure. Further, it is believed that dom 
inant gene mutations are induced in the first-generation offspring of an irradiated 
population but that gene mutations appear at a higher frequency and last many more 
generations than chromosome mutations. Of the known human cases, however, about 
75,000 children bom to parents irradiated at Hiroshima and Nagasaki, and examined 
periodically since 1945, show no increased frequency of congenital malformations, 
stillbirths, or growth and development abnormalities. 


• A gene is the carrier of infornution in the nucleus of a living cell that determines the physical 
characteristics of living things, such as the shape of the eyes in a human or the color of a flower or a plani 
Genes are inherited, which is the reason why offspring resemble their parents. Genes were once thoughi 
to possess a physical stnictuie. They arc now thought of as the function or operahonal unit by which heredity 
is transmitted honi parent to offspring. 

t A chromosome is a threadlike microscopic part which exists in the nucleus of the cell and which 
carries hereditary information in the fonn of genes. The chromosonie contains deoxyribonucleic acid, DNA, 
and ribonucleic acid, RNA, attached to a protein core. The arrangement of the components of the D 
mokcules detennioes (he genetic inforroatioo. Each body or somatic cell contains a certain 
chromosomes, called diploid. Reprcxluctive cells contain exactly half that number, called 
izatioo occun when two such reproductive cells combine to reproduce what is called a zygote with a P 
set of cfaromosomea. 
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Fuel Reprocessing 

As indicated previously, spent fuel can either be stored directly or reprocessed. There 
are advantages and disadvantages to both schemes. The throw-away system (the former) 
avoids the costs and hazards associated with a reprocessing plant. The latter utilizes 
the unused uranium, converted plutonium, and other radioisotopes for use in a wide 
vanety of services, such as isotopic generators, medicine, agriculture, and industry. 
There are also indications that the energy generated by the high-level waste produced 
after reprocessing is lower than that generated by the intact spent fuel by ratios of 
about 0.83 after 10 years, 0.38 after 100 years, and 0.06 after 1000 years [186]. 

Reprocessing of spent fuel is done by dissolving it, usually in nitric acid, then 
removing the converted plutonium and unspent uranium by solvent extraction. The 
remaining solution contains more than 99.9 percent of the nonvolatile fission products, 
plus some constituents of the cladding of the fuel elements, traces of plutonium, 
uranium, and others, and most of the resulting transuranium elements. 

This remaining solution constitutes the high-level wastes. It is usually concentrated 
by evaporation and then stored as an aqueous nitnc acid solution, usually in high- 
integrity stainless steel tanks. Permanent storage in liquid form, however, requires 
continual supervision and tank replacement over an indefinite period of time. 

The experience with short'term tank storage has generally been good, though some 
leakage has been encountered, particularly in tanks used for storage of military wastes. 

It is now generally believed that, for the long term, a storage system based on solidifica¬ 
tion of the wastes would be more acceptable. 

The conversion of the liquid wastes to a solid form has been studied since the 
1960s, including large-scale pilot operations. Advanced processes are currently being 
developed. The aim is to convert the wastes to a solid product that is not liable to 
leakage, requires less supervision, and is more suited to final disposal. This solid 
product should maintain its mechanical strength. It should have good thermal con¬ 
ductivity, as it will continue to generate heat from radioactive decay for a long time, 
though at a decreasing rate. Ideally it should have a low leach rate. 

Glasses and ceramics are now considered to be the most suitable forms for this 
final disposal. About 30 different processes have been developed over the past 20 
years. The basic processes are shown in Fig. 17-20. The simplest one involves evap¬ 
oration and denitration (or calcination) to form a granular or solid calcine. This is 
considered an interim product, since it does not meet all the above requirements; it is 
treated further by being mixed with additives and is then melted to form glasses or 
ceramics. 

A second process involves mixing the additives with the original waste solution, 
then evaporating, denitrating, and melting this mixture to form the glasses or ceramics. 

A third process uses an adsorption process and treatment at high temperature to 
produce the ceramics. 

In recent years, attempts at improving the properties of the above glass or ceramic 
final products have been made. These essentially involve the further formation of either 
the calcine or glass into metal matrixes or coated particles to improve their leach 

fesisiance. 
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Waste dilution 



Metal n\Jtnx 
or 

coated particle 


Figure 17-20 Basic high-level waste soli 
dificaiion processes. 


Historically, the first attempt at converting wastes into glass was made at Chalk 
River, Canada, in I960. This was closely followed by another developed at Harwell, 
England, and later by several attempts in the United States. In the United States a 
new plant was under construction in 1980. It is based on a 1963 process, used in a 
processing plant in Idaho, by which the waste is solidified by spraying it into a fluidized 
bed and then calcined at 400 to 500°C, thus producing a granular product that is then 
stored in air-cooled bins in underground vaults. Other promising plants are to be found 
in several countries, such as France, India, Germany, and the USSR. 

Most solidification plants produce off-gases of steam and oxides of nitrogen that 
usually contain some fine particulate carryover and volatile radionuclides. These gases 
must be treated. All processes involve high temperatures and, of course, high levels 
of radioactivity. Tliis combination imposes severe demands on plant design and op 
eration. It is expected, however, that workable, commercially attractive solutions will 
emerge in the late 1980s. Tliis is not late, as the problem of high-level waste is not 
expected to be of major effect for a few decades. 

Disposal 

The final disposition of the wastes, with or without the above treatments, is also of 
major concern. Many countries arc undertaking activities involving underground dis¬ 
posal in deep geological formations. These activities include the investigation of suit¬ 
able sites: and suitable methods of storage in these sites. The main objectives, of coui^- 
are the protection of present and future populations from potential hazards. The suita 
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Sites must be free of flowing groundwater, but the storage vessels must demonstrate 
reliability even in flowing-water conditions. 

The disposal of low- and intermediate-level wastes (such as those used in research 
and medicine) has been done at relatively shallow deptns in many countries. For 
example^ since 1967 such wastes in solid form have been packaged in concrete or 
steel drums and buried in the old Asse Salt Mine in Germany. 

If the spent fuel is to be disposed of in a throw-away process, it is buried intact. 



Figure 17-21 A conceptual depository 
of high-level waste in rock salt for¬ 
mations [186], 
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Figure 17-22 Cross section of a proposed can 
istcr for vitrified high-level waste. 


If it is reprocessed, then it is buried either as a liquid or in solid form. There are 
several strategies for burial, most of them in deep salt or granite formations below 
ground or below the sea bed. In the United States, as of this writing, no final decision 
on high-level waste disposal has been made by the government. 

A National Waste Terminal Storage Program was initiated in 1976. It includes 
the identification of suitable rock formations, in situ tests, and plans aimed at the 
establishment of up to six federal repositories. A Waste Isolation Pilot Plant (WIPP) 
in New Mexico is now being studied for the receipt of military wastes by the mid- 
1980s. Other federal repositories arc planned for commercial-powerplant wastes. This 
also includes the disposal of spent reactor core fuel elements, should a decision be 
made not to treat them but to operate on a throw-away fuel cycle basis. The search 
includes sites in salt formations, shale, crystalline rock (volcanic basalt), the injection 
of liquid waste into isolated porous strata, and the injection into fractures induced in 
impermeable formations. Reposiloncs are to be licensed and regulated by the U.S. 
Nuclear Regulatory Commission (NRC). 

In France, which has the largest per capita nuclear program, plans are being drawn 
for long-range storage under the Alps. Other European countries have other diverse 
and innovative plans. The problem, although technically soluable, is laden with po¬ 
litical, emotional, physical, and economic problems. Figure 17-21 shows a conceptual 
depository for the storage of high-level waste in rock salt formations for thousands of 
years. In the figure, the solidified waste is placed in canisters that are stored in holes 
drilled in rock salt with a spacing of about 10 m to allow for the efficient dissipation 
of energy without exceeding permissible temperature limits of either the canisters or 
the salt. It is estimated that each canister (producing about 10 kW at the time of storage) 
will require about 100 m^ of salt for cooling. This means that about 0.5 km^ would 
be needed to store all the high-level waste produced annually in the United States in 
1980, if all electrical production were from nuclear powerplants. Figure 17-22 shows 
the cross section of a canister of Swedish design for disposal in granite. It shows 
vitrified waste surrounded by 4 in of lead, 0.25 in of titanium, 4 in of bentonite (an 
absorptive and colloidal clay mineral), and finally, granite. 
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problems 

, 7.1 A sample of particulate matter in the atmosphere has the following statistical count distribution Ihe 
particulate matter is assumed to have uniform density and the particles are approximated as spheres, d, is 
the mean diameter, in micrometers, within each group i. 


/ 


Count 

1 


Count 

1 

0.2 

174 

8 

1.5 

1602 

2 

0,3 

347 

9 

2.0 

1174 

3 

0.4 

578 

10 

3.0 

694 

4 

0.5 

730 

11 

4.0 

403 

5 

0.6 

936 

12 

5,0 

236 

6 

0.8 

1271 

13 

6.0 

150 

7 

1.0 

1622 

14 

8.0 

82 


(fl) Calculate the count, area, and mass mean diameters, and the standard deviation, in micrometers, (b) 
Plot on a semi logarithmic graph the count, area, and mass distnbutions, in percent, versus diameter, (c) 
Calculate the percent count and mass of particles that can be ingested with diameters of 1 ^ and less, 
and (d) estimate the count modal diameter, in micrometers 

17-2 The paniculate matter sample of Prob. 17-1 is acted upon by a collection device. Assuming that the 
device preferentially collects the larger particles, calculate the fraction of all the particles that escape 
collection, and the maximum diameter that escapes collection, m micrometers, if the device has an overall 
collection efficiency of (a) 95.16 percent or (b) 78 2 percent. 

17-3 Rue gases from a powerplanl contain 1 mass percent SO; 1.2 x ICT* kg/s of these gases are to be 
dcsulfunzed by the Wcllman-Lord process. In addition, elemental sulfur is to be generated by the Claus 
process. Estimate the various mass flow rates of the chemicals, in kilograms per second, and the amount 
of elemcnial sulfur produced, in tons per day 

17-4 A plalc-typc electrostatic precipitator is composed of 8 -ft-high plaie.s that are 9 in apart. The applied 
voltage is 50,000 V. The average flue gas velocity between the plates is 4.5 fl/s Estimate (<i) the minimum 
length of the precipitator, in feel, if the particles in the gas vary in size between I and 5 /xm, and {b) the 
minimum and maximum fractional collection efficiencies using the Deutsch equation. Take gas viscosity 
as 2.95 X 10-'’ kg/ms. 

17-5 A plate-type electrostatic precipitator is composed of plates that are 8 ft high, 13.44 ft long, and 9 
in apart. The average flue gas velocity at a given load is 4.5 fl/s. At these conditions the overall collection 
efficiency is 95 percent. Estimate (a) the change in that efficiency if the flue gas volume flow rate is increased 
by 15 percent, and (b) the change in the paniculate matter mass removed, in percent Assume that the flue 
gas temperature and particulate matter concentration and distnbuiion in it remain unchanged. 

17-6 A powcrplant using a once-through cooling system is considered for construction on a river that has 
a water mass flow rate of lO’ lb„/h The nver water temperature at a given time of the year is 60°F. The 
plant is designed to have a net efficiency of 38 percent with a condenser cooling water temperature rise of 
At the plant site, the river has a more-or-lcss uniform width of I ml. Environmental regulations do 
Bot permit plant operation to result in a mixed nver water temperature nsc of more than 2 F, 3 mi downstream 
of the plant. Assuming a water surface overall heat transfer cocificieni of 10 Btu;'h ft‘ F (Sec. 7-10), 
calculate (a) the fraction of river water used for cooling, and (b) the maximum net power of the plant that 
can meet the above regulations 

17-7 Calculate the mass of carbon 14 and xenon 137. in kilograms, that would produce an activity of 1 
if their atomic masses are 14.00323 and 136.9080. respectively 
17-8 Calculate (a) the radioactivity of I g each of potassium 40 and plutonium 239 in cunes if their atomic 
"masses arc 39.9740 and 239.0522, respectively, and (b) the activity of each after 1000 years. 
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17-9 Chlorine 36 has an atomic mass of 35.96852 and a half life of 3.1 x 10^ years. It is a ^ emitter 
The most probable energy of the emitted ^ particles is 0.25 McV. For 1 k,g of Cl’*, calculate (a) the activity 
in curies and (6) the biological dose rate, in sieverts per second and millirems per second, assuming a 
quality factor (relative biological effectiveness) of 1.2, and that all radiation falls on a 75-kg body. 

17-10 When an isotope A with a concentration nuclei/m’ is irradiated in a neutron flux <f> with a 
microscopic absorption cross section ou and forms a daughter radioisotope B that decays with a half life 
Bin, the concentration of the daughter Nb at any given time B is equal to the neutron absorption reaction 
rate (Sec. 9-12) times the quantity (l-e **)/A. where A is the decay constant of B. Consider a water- 

cooled reactor and the reaction Water has a density of 800 kg/m’. The average neutron flux 

is I O'* neutrons/s • m^ Calculate the concentration of N** and its activity, Ci/m\ after I h of irradiation 
17-11 Repeat Prob. 17-10 but for a sodium-cooled reactor, considering the Na^’(/?,y)N^^ reaction for 
irradiations of 1 h, 30 d. and 300 d Sodium is at a density of 760 kg/mV Na^’ has a neutron micrt>scopic 
absorption cross section of 2 bam and an atomic mass of 22.98977. The neutron flux is 10'** neutrons, 
s ■ m^ 

17-12 A pressurized-water reactor is chemically shimmed with boric acid (Sec 10-5). The natural boron 
concentration is 1950 ppm The water density is 800 kg/mV Consider the reaction B'“(n,T)a. B“’ constitutes 
19.78 percent of all boron, has a molecular mass of 10.01294 and a thermal neutron microscopic cross 
section of 3,837 bam. The average neutron flux is 10** neulrons/s m^ Calculate the tritium activities after 
1 h, 30 d, arul 300 d of irradiation 
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Table A-1 Saturated steam: pressure table (English units)^ (Continued) 
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Table A-2 Saturated stream: temperature table (English units) 
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Table A-2 Saturated stream: temperature table (English units) (Continued) 
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Table A-3 Properties of superheated steam, compressed water, and supercritical steam (English uniisj^ 
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Table A-3 Properties of superheated steam, compressed water, and supercritical steam (Elnglish units)* (Continued) 
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(mbcookd) water to the left of the vertical Lines; superheated steam to the right of the vertical lines; supercritical steam below the 






Table A-4a Saturated steam properties, temperature table (SI units) 



«ri<NOW»^r^ — QC^'TfN 
ooQCQOr'r^r-r^'OsosO'O 


9 r- 
00 r- U-, 

V) m -- 
'O vn ir, 


O'OsOa^avOOOWOOOCiOOOeOOOOOOWOOOOOOOOQOOOQOOOGOlX 


Ttr-r4<?\ooavir)r^mr-Tt^oo'^rvirvi»oooe 
■^fS — &\Qor^vC)r^r^f^oo^Or'»-g‘'Ooo — fn 
wn — r-r'>oO'^0'Ci<NooTi‘Or^ro<^m^oo-^ 
— — O0<^os3voooor^r-r^v0'i0u^«n»0'^'i- 


r^r^OsvOr^oowS-L 

fnr<)r^jrsjr4-^— 


?Nav(>avooooaoooQOooooooooooooooooooaoaoooooaooooo 


e rfvO(X)0<NrnmfN—>ooow^(NooTf-0'!roo — 'fr^o — r4rj(N — 
»no*n — 'O — 'O — 'O—"V^O'o^'TOomr^rJ'OO'^omr-—.»y-i 
— m^'O^^O^of^<^*^'^ooo^or^J^^lOX>ooa^ — rsmwi'Oooo 

OOOOOO—' — — 'ro»NrJrMrMr4r4(^mmm<^mr^ 

ddddddododdoodddbodddddooddo 


—<(N'^'OQOOrv«'^'Or-<> — rriior^ooQfN-^^or-os—'rnvir-ooo 
OOQOQ — — <N<N(Nrsl(Nr^rnror<-)mf«-i’>!j-rr'^TtTj-(r) 

*/^*o«n«o'0»o»o»o‘o»o»ov^*o»o»o*o>o>ow-)»o»n»r)'n^n»o»n»ov-i 
r4rviCNlrv«r^r'ir^rNir^rsirs»rvirj<Nic4rsir'4fNir4r4(N(N(Ni(NrJ<Nr4<N 


—rooiOm—>0^0^«oc^^a^r^w^^^000w^^<-l — oO'OTf—<avr^'^<N 
OCTvi5'ONaNooocoooor^r-‘t^r-'r~-s5'£i^^C5»o>nM->»o'^'«t’^-^ 


3 r1 S 

(N d d ^ 

'IT ^ 


o m (jv 

O <N vO OO OV 


•ri^nio^'Or^r'r^ooooo 


rn (N 00 — O ^ rr 


OOO — ^Ovro — Oroooiniri'^CT'^O 


— rn 'O On rn 
ro O ^ On 


O — rn>nsOoc — rn»ooo^r^NO 

88§iiiiiii88s 


8888888888888888888888888888 

dddddddddddddddddddddddddddo 


fNrnOv(j\Nr»NOrMw-» 
goo — rNim^rm 


mm — NO — w^oo — ‘riO'd 

«r>NAooQmr~— r^mOONOO^Q 
mvor'i^o — m-NtNOoooN- md 
<__-_rvi(-sit^(-sir'jrsi(Nmm, m 


ooooooooooooooooooooooooooo 


— r->nQom(N*n — r'lr'Oonrsr-r'^r-Nors^r-^^oof^^y 
—'inow^ — r^mor-'^fvi — qoonO— 

§ 'Cr-r^qoqo®oo — rNim^'^«nr'OOONp— ro^doo^ — 

oSSooooooooooooooqSoSSSqqqo 

ddddddddddddddddddddddddddo 


rMm^»nNOr^ooONO — r><mTtm>or~ooovO — rNim 


778 








r~ 'O >© VO O 


Qdooodaoodab 96 ododododgd 


oooooor^t^p'r^r^ 


't 

r^ r«^ 


r^ — aooooor^^Q — r^»/->iri-Hf*^ 

-^CTvoo — oooc--r^\Ooor*^0 


iyv r^jr'^SOr~~^f*~lO0O^f*^^^ 

TfOw-i-^r^f^or^pnooo>nmr-TfTtooo — aodfe — K\o66 
obT).— 903 — 003 — oO'!t-^Qor4r-(Nr-rriO'Or^—«oo35^ 
OOO^^Osoooooor-r^r-vO»nmfMoa>QO'0'nTt(N —.0 

00 00 00 r- r- r^ r^ r^ ^ ~ ~ 


r^r^r-r^r^r^r^r^vOvO'O'O’O 


p- rv r^ r- Tf o 
_ _ — *n — avOv — 
<T><NOQavCs00 9C'^ 
■o Tt m '■ 


.jy;bor=i«^;;^r5r;gSi 

\Ovb'0>n<nw-iinirltnvri«rjir)Tt'<!r 


m o^ in ' 


Q oo so m 
J (S ^ O 

Or4r^>n^ _ , 

^■^rrrf'^'n'^'nin'n^n«n»n'or'r-oooooN 

dooodoododdodddoddo 


- -.^ ..>nr~omooTj-fnm«n — 

"^joofNinoofNiQOrnr' — 
^O“rnTj-*nr'mO'0m^*n— 

— — - “ ^ ^ - O — — (N 


O'nms0r*-)-^0vOvO\0r*i 

moomp'-^^'O^d — <N 

'sO-^p'moomoqm^Tta' 


rntNOP-mOTToco—'P'JOP'-rnp'OOONso — m^rs) 
(N-^OiwOs — mv-iP-OsOfN-^rnr^ — Osoosb'nmnidoo'dm-^oosodas'drncTsin-^ 
in»n«ntn»risososososOP^r^p'00!7vQd^r'4m3in®vop-ooova\0'— — r'jmrnrrin 
m>n«n»/-)in»o>r^»n«o>nw»»n>n»n»n’0'OsososO'OvO'0'OOvosOsop^p'r^p^r^r'r^r' 
r4rJfMrsl«sr'ir^rM<N<Nr‘4fNrsrs|fNrvifs»fMr4fNrsir4fMrNrNr'j(N(NrN(Npv)rj<N(Sps»(N 

ONOsoosOfnO'noc—i(NrMOs\oor^fNOsoosOP-n'^ 
«n(NOoo»nrn>-«oosO'^ — ^'O'^rjdoo'OTj- — □O'drnd'drnd'drviximobTtoodp-^ 
mfnmr^fNnjpsi — — — QQ<^oop«-»n^rnrJOasoop->nTtfn-^Ooop-in^fM—'CTs 

Tt'^'^TtTf'^^TtTtTt'^^'^rnfnmfnrnrnmrnmrsirvjMtspNip'Jrsj—. — — 
rsirNr'J(NP')<NfSrsl(N(N(NJNr4rsirsi(Sr^m<N(NfNr'»rsifNir4rvi(NrsfNrNr')rJrv|p^rNrs 


'PTtr-iow*)sor^Qsfnp-m<N — TtONso 
^-Hrn>nrnrs> — oooos(Jsa'Osaso 

S d--ririrnTf 

m »n r- Os — rn 


p- rj o n 


rsjrsl<N(N<Nrnmfni 


Os -H « O Os ' 
Os m SO — »n 


— rs , 

^ 00 O (N 


Os O <N m 

_ . . _ 00 — rn *n 

«n>n*0'ninsos0'0 


os os (N 

p- r-- o 

in so m 


m m o 

Os — fM m Os 
PJSOOOP^ — 

oc m O' O 


Os m n pj — 00 *n I 

^ so — O W —' XI ' 

O OS sO X o ■ 
P '1 O X P' so n ^n ' 

— — d d d d d I 


-^inosx — in — os 

P^P'P'C^P'l'itP^Os., _ 

g ood — — — — psjfNPipnfnrn^^inin 

00000000000000000 


888888888888888888888888888888888888 

dddddddddddddddddddddddddddddddddddd 


xpin-^Os^ — «n—I 
■^x—»«ooor4p' — so 
'oinso'osop^r-xx 

d ■ 


XOOP^'^'srr'ipPi 

os^mosp^os—'OsmosO 

XXXXPl-^OssOXsOX 

mp'P-^xsOin'nxm — pj 


— oosfip^sn — p- 
PtXPIO'SOP'—' — 
mp'inr^'O-^'^'^ 

dddddddoo — — 'P'ir^p^'^'^soxor'«''tP'0''txmos<nr'4 

— — —-p— pjpjpjmm'^in 


« —« m O' X psi 



I ^ Tf — »n 


(N^t^(NOP'XTtTrPl — sov->soO — rpp^QP^f 

sOOrsisOOsm»nrnP-OQ— 

0000000 — —‘—*P^P^*^'1'*^P'0COP4tPsO 

— — — — --^dddddddddddd — — — — 


»n — — — tt «n Q 
w.xpsjop^ — *nso 
sOOmp' — >0 — pp 
■ pj pj rn m 


p 5 R S Jn ( 


I m fn m m m ■ 


»nO»/^0‘'^0'00»PiQ''^Ow-iO»nO'OP' 
Tfinnd^p-p'xxoooo — — ps*p^«^i 


779 











Table A-4a Saturated steam properties, temperature table (SI units) (Continued) 
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Table A-5 Properties of superheated steam (SI units) (Continued) 
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60 V 0.0362 0 0474 0.0567 0,0653 0.0735 0.08J6 

(275.64) h 2884.2 3177.2 3422.2 3658.4 3894.2 4132.7 
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APPENDIX 

B 

THERMODYNAMIC PROPERTIES OF FREON-12 


Table B-1 Saturation properties of Freon-12 (English units)* 


Specific volume, Specific enthalpy, Specific entropy, 

ftVlb^ Btu/lb„, Btii/(lb«)(“R) 

Temperature, Pressure, - - - 


T 

psia 



hf 

hf, 

A, 



60 

72.433 

0.011913 

0.55839 

21.766 

61.643 

83.409 

0.046180 

0.16479 

62 

74.807 

0.011947 

0.54112 

22.221 

61.380 

83.601 

0.047044 

0.16470 

64 

77.239 

0.011982 

0.52450 

22.676 

61.116 

83.792 

0.047905 

0.16460 

66 

79.729 

0.012017 

0.50848 

23.133 

60.849 

83.982 

0.048765 

0.16451 

68 

82.279 

0.012053 

0.49305 

23.591 

60.580 

84.171 

0.04%24 

0.16442 

70 

84.888 

0.012089 

0.47818 

24.050 

60.309 

84.359 

0.050482 

0.16434 

72 

87.559 

0.012126 

0.46383 

24.511 

60.035 

84.546 

0.051338 

0.16425 

74 

90.292 

0.012163 

0.45000 

24.973 

59.759 

84.732 

0.052193 

0.16417 

76 

93.087 

0.012201 

0.43666 

25.435 

59.481 

84.916 

0.053047 

0.16408 

78 

95.946 

0.012239 

0.42378 

25.899 

59.201 

85.100 

0.053900 

0.16400 

80 

98.870 

0.012277 

0.41135 

26.365 

58.917 

85.282 

0.054751 

0.16392 

82 

101.86 

0.012316 

0.39935 

26.832 

58.631 

85.463 

0.055602 

0.16384 

84 

104,92 

0.012356 

0.38776 

27.300 

58.343 

85.643 

0.056452 

0.16376 

86 

108.04 

0.012396 

0.37657 

27.769 

58.052 

85.821 

0.057301 

0.16368 

88 

111.23 

0.012437 

0.36575 

28.241 

57.757 

85.998 

0.058149 

0.16360 

90 

114.49 

0.012478 

0.35529 

28.713 

57.461 

86.174 

0.058997 

0.16353 

92 

117.82 

0.012520 

0.34518 

29.187 

57.161 

86.348 

0.059844 

0.16345 

94 

121.22 

0.012562 

0.33540 

29 663 

56.585 

86.521 

0.060690 

0.16338 

96 

124.70 

0.012605 

0.32594 

30.140 

56.551 

86.691 

0.061536 

0.16330 

98 

128.24 

0.012649 

0.31679 

30.619 

56.242 

86.861 

0.062381 

0.16323 

100 

131.86 

0.012693 

0.30794 

31.100 

55.929 

87.029 

0.063227 

0.16315 

102 

135.56 

0.012738 

0.29937 

31.583 

55.613 

87.1% 

0.064072 

0.16308 

104 

139.33 

0.012783 

0.29106 

32.067 

55.293 

87.360 

0.064916 

0.16301 

106 

143.18 

0.012829 

0.28303 

32.553 

54.970 

87.523 

0.065761 

0.16293 

108 

147.11 

0.012976 

0.27524 

33.041 

54.643 

87.684 

0.066606 

0.16282 

110 

151.11 

0.012924 

0.26769 

33-531 

54.313 

87.844 

0.067451 

0.16279 


m 



Table B-1 Saturation properties of Freon-12 (English units)* (Continued) 


Temperature. 

T 

Pressure. 

psia 

Specific volume, 

ft '/ lb . 

Specific enthalpy, 
Btu/lb«, 

Specific entropy, 
Btu/(lb„)(°R) 




^/m 




112 

155,19 

0.012972 

0.26037 

34.023 

53.978 

88.001 

0.0682% 

0.16271 

114 

159.36 

0.013022 

0.25328 

34.517 

53.639 

88.156 

0.069141 

0,16264 

116 

163.61 

0.013072 

0.24641 

35.014 

53.296 

88.310 

0.069987 

0.16256 

118 

167.94 

0.013123 

0.23974 

35.512 

52.949 

88.461 

0.070833 

0.16249 

120 

172.35 

0.013174 

0.23326 

36.013 

52.597 

88.610 

0.071680 

0.16241 

122 

176.85 

0.013227 

0.22698 

36.516 

52.241 

88.757 

0.072528 

0.16234 

124 

181.43 

0.013280 

0.22089 

37.021 

51.881 

88.902 

0.073376 

0.16226 

126 

186.10 

0.013335 

0.21497 

37.529 

51.515 

89.044 

0.074225 

0.16218 

128 

190.86 

0.013390 

0.20922 

38.040 

51.144 

89.184 

0.075075 

0.16210 

130 

195.71 

0.013447 

0.20364 

38.553 

50.768 

89.321 

0,075927 

0.16202 

132 

200.64 

0.013504 

0.19821 

39.069 

50.387 

89.456 

0.076779 

0,16194 

134 

205.67 

0.013563 

0.19294 

39.588 

50.000 

89.588 

0.077633 

0.16185 

136 

210.79 

0.013623 

0.18782 

40.110 

49.608 

89.718 

0.078489 

0.16177 

138 

216.01 

0.013684 

0.18283 

40.634 

49.210 

89.844 

0.079346 

0.16168 

140 

221.32 

0.013746 

0.17799 

41.162 

48.805 

89. %7 

0.080205 

0.16159 

142 

226.72 

0.013810 

0.17327 

41.693 

48.394 

90.087 

0.081065 

0.16150 

144 

232.22 

0.013874 

0.16868 

42.227 

47.977 

90.204 

0.81928 

0.16150 

146 

237.82 

0.013941 

0 16422 

42.765 

47.553 

90.318 

0.082794 

0.16130 

148 

243.51 

0.014008 

0.15987 

43.306 

47.122 

90.428 

0.083661 

0.16120 

150 

249.31 

0.014078 

0.15564 

43.850 

46.684 

90.534 

0.084531 

0.16110 

152 

255.20 

0.014148 

0.15151 

44.399 

46.238 

90.637 

0.0854m 

0.16099 

154 

261.20 

0.014221 

0.14750 

44.951 

45.784 

90.735 

0.086280 

0.16088 

156 

267.30 

0.014295 

0.14358 

45.508 

45.322 

90.8.30 

0,087159 

0.16077 

158 

273.51 

0.014371 

0.13976 

46.068 

44.852 

90.920 

0.088041 

0.16065 

160 

279.82 

0.014449 

0.13604 

46.633 

44.373 

90.006 

0.088927 

0.16055 

162 

286.24 

0.014529 

0.13241 

47.202 

43.885 

91.087 

0.089817 

0.16040 

164 

292.77 

0.014611 

0.12886 

47.777 

43.386 

91.163 

0.090710 

0.16027 

166 

299.40 

0.014695 

0.12540 

48.355 

42.879 

91.234 

0.091608 

0.16014 

168 

306.15 

0.014782 

0.12202 

48.939 

42.360 

91.299 

0.092511 

0-16000 

170 

313.00 

0.014871 

0.11873 

49 529 

41.830 

91.359 

0.093418 

0.15985 

172 

319.97 

0.014963 

0.11550 

50.123 

41.290 

91.413 

0.094330 

0.15%9 

174 

327.06 

0.015058 

0.11235 

50 724 

40,736 

91.460 

0.095248 

0.15953 

176 

334.25 

0.015155 

0.10927 

51 330 

40.171 

91.501 

0.096172 

0.05936 

178 

341.57 

0.015256 

0.10625 

51 943 

39 592 

91.535 

0.097102 

0.15919 

180 

349.00 

0.015360 

0,10330 

52.562 

38.999 

91.561 

0.098039 

0.15900 

182 

356.55 

0.015468 

0.10041 

53.188 

38.391 

91.579 

0,098982 

0.15881 

184 

364.23 

0.015580 

0.097584 

53.822 

37.767 

91.589 

0.099933 

0.15861 

186 

372.02 

0.015696 

0.094810 

54.463 

37.127 

91.590 

0.10089 

0.15839 

188 

379.94 

0.015816 

0,092089 

55.111 

36.469 

91.580 

0.10186 

0.15817 

190 

387.98 

0.015942 

0.089418 

55.769 

35,792 

91.561 

0.10284 

0.15793 

192 

3%. 14 

0.016073 

0.086796 

56.435 

35.0% 

91 531 

0.10382 

0.15768 

194 

404.44 

0.016209 

0.084218 

57.111 

34.377 

91.488 

0.10482 

0.15741 

196 

412.86 

0.016352 

0.081683 

57.797 

33.636 

91,433 

0.10583 

0.15713 

198 

421.41 

0,016502 

0.079188 

58.494 

32.869 

91.363 

0.10685 

0.15683 

200 

430.09 

0.016659 

0.076728 

59.203 

32.075 

91.278 

0.10789 

0.15651 

202 

438.91 

0.016826 

0.074301 

59-924 

31.252 

91,176 

0.10894 

0.15617 

204 

447.85 

0.017002 

0.071903 

60.659 

30.3% 

91.055 

0.11001 

0.15580 

206 

456.94 

0.017188 

0.069531 

61.409 

29.505 

90.914 

0.11109 

0.15541 


(continutif) 
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Table B-1 Sataradon properties of Frcoa-12 (EagHrii aaits)* (Conttned) 

Specific volume. Specif rmMp y, SpeciAc entropy. 


^ff/lliw 


8 m/»)u 



T 

paia 



Ar 




*1 

20fl 

466.16 

0.0173r7 

0067179 

62.175 

28.574 

90.749 

0 11220 

0.15499 

210 

475.52 

0017601 

0.064843 

62.959 

27.599 

90.558 

0 11332 

0.15453 

212 

485.01 

0.017713 

0.062517 

63.764 

26.573 

90.337 

0 11448 

0,15404 

214 

494.65 

0.018079 

0.060193 

64.591 

25 490 

90.081 

0.11566 

0.15349 

216 

504.44 

0.018351 

0.057864 

65.444 

24 341 

89.7*5 

0.11687 

0.15290 

218 

514.36 

0.018651 

0.055518 

66.327 

23 113 

89 440 

0 11813 

0.15223 

220 

524.43 

0018986 

0.053140 

67.246 

21 790 

89 036 

0.11943 

0.15149 

222 

534.65 

0019365 

0050711 

68.209 

20.350 

88.559 

0.12079 

0 13064 

224 

545 02 

0.019804 

0.048200 

69.228 

18.757 

87.985 

0.12223 

0 14966 

226 

555.54 

0.020327 

0.045559 

70.320 

16 958 

87.278 

0.12377 

0 14850 

228 

566 20 

0 020978 

0.042702 

71.519 

14 854 

86.373 

0.12545 

0.14705 

230 

577 03 

0021854 

0039435 

72.893 

12.229 

85.122 

0.12739 

0.14512 

232 

588.01 

0.023262 

0 035041 

74.651 

8.335 

82 986 

0 12987 

0 14191 

233 6 

5969 

0.02*70 

0 02*70 

78.86 

0 

78.86 

0.1359 

0 1359 


(ChticaJ) 

• Tables B-1 and B-2 from data of E. I. du Pont de Nemours and Company. Freon is a registered trademark 
of du Pont. 
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Table B-2 Properties of superheated Freon-12 (English units) 
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Table B-2 Properties of superheated Freon-12 (English units) (Continued) 
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Table C-1 Saturated anunonia: pressure table (English units) 
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Table C-! From Ref. 189. 




















Table C-2 Properties of superheated ammonia (English units) 



TIU 


V 2.355 2AU 2.606 2.724 2.838 2.949 3.0590 3.167 3.273 3.379 3.483 3.587 3.690 

130 h 636.0 649 7 662.7 675.1 687.2 699.1 710.9 722.5 734.1 745.7 757.3 769.0 780.6 



V 2.166 2.288 2.4CW 2.515 2.622 2.727 2.830 2.931 3.030 3.129 3.227 3.323 3.420 

140 h 633.8 647.8 661.1 673.7 686.0 698.0 709.9 721.6 733.3 745.0 756.7 768.3 780.0 

(74.79) s 1.2140 1,2396 1.2628 1.2843 1.3045 1.3236 1.3418 1.3594 1.3763 1.3928 1.4088 1.4243 1.4395 








fS o 

r- VO m 

n 






rsi ^ 

(N 00 

*N OC 






2.500 
800 5 

1 4247 

2.377 

800.0 

1 4186 

2.265 

799.5 

1.4127 


3.064 

790.7 

1.4379 

2.878 

790.1 

1.4303 

2.713 

789.6 

1.4231 

2.565 

789.0 

1.4163 

2.432 

788.5 

1.4099 

2.312 

787.9 

1 4037 

2.203 

787.4 

1.3978 

3.185 

779.4 

1.4310 

2.980 

778.9 

1.4229 

2.798 

778.3 

1 4153 

2.637 

777.7 

1 4081 

2.493 

777,1 

1.4012 

2.364 

776.5 

1 3947 

2.246 

755.9 

1.3884 

2.140 

775.3 

1.3825 

3.095 

767,7 

1.4157 

2.895 

767.1 

1.4076 

2.718 
766 4 

1 3999 

2.561 
765 8 
1.3926 

2.421 

765.2 

1.3857 

2.295 

764.5 

1.3791 

2.180 

763.9 

1.3728 

2.076 

763.2 

1.3668 

3.004 

756.0 

1.4001 

2.809 

755.3 

1.3919 

2.637 

754.6 

1 3841 

2.484 
753 9 
1.3768 

2.348 

753.2 

1.3698 

2.225 

752.5 

1.3631 

2.113 

751.8 

1.3568 

2 012 
751.1 
1.3507 

2.912 

744.3 

1,3840 

2.723 

743.5 

1.3757 

2.555 

742.8 

1.3679 

2 407 
742.0 
1,3605 

2.274 

741.3 

1,3534 

2.154 

740.5 

1,3467 

2,046 

739.8 

1,3402 

1.947 

739.0 

1.3340 

2.820 

732.5 

1.3675 

2.635 

731.7 

1,3591 

2.473 

730.9 

1.3512 

2.328 

730.1 

1,3436 

2.199 

729.3 

1.3365 

2.082 

728.4 

1 3296 

1.977 

727.6 

1.3231 

1.881 

726.8 

1.3168 

2.726 

720.7 

1.3504 

2.547 
719 9 
1.3419 

2 389 
7190 

1 3338 

2.248 
718 1 
1.3262 

2.123 

717.2 

1.3189 

2.009 
716 3 
1.3120 

1.907 

715.3 

1.3053 

1 814 
714,4 
1.2989 

2.631 

708.9 

1.3327 

2.457 

707.9 

1.3240 

2.303 

706.9 

1.3159 

2.167 

705.9 

1.3081 

2.045 

704.9 

1.3007 

1.935 

703.9 

1.2935 

1.836 

702.9 

1.2867 

1.745 

701.9 

1.2801 

2.534 

6%.9 

1.3142 

2.365 

695.8 

1.3054 


2.084 
693 6 
1.2891 

1 966 
692.5 
1.2815 

1.859 

691.3 

1.2742 

1.762 

690.2 

1.2672 

1.675 
689 1 
1.2604 

2.435 
684 8 
1.2949 

2.272 

683.5 

1.2859 

2,127 

682,3 

1.2773 

1 999 
681.0 
1.2691 

1.884 

679.7 

1 2612 

1.780 

678.4 

1.2537 

1.687 

677.1 

1.2464 

1.601 

675.8 

1.2394 

2.334 

672.3 

1.2745 

2.175 

670.9 

1.2652 

2.035 

669.4 

1.2563 

1.910 

668.0 

1.2477 

1.799 

666.5 

1.2396 

1.698 

665.0 

1.2317 

1.608 
663 5 
1.2240 

1.525 

662.0 

1,2167 

2.228 

659.4 

1.2526 

2.075 

657.8 

1.2429 

1.939 

656.1 

1.2336 

1.818 

654.4 

1.2247 

1.710 

652,6 

1.2160 

1.612 

650.9 

1,2077 

1.524 
649 1 
1.1996 

1.443 

647.3 

1,1917 

ao ^ 

= 52* 
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— vO " 

— vO “ 
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-C 

> -C 

> -C W, 

-C «n 

> -C 

> -C In 

> -C 

V 

h 

5 

150 

81) 

*3 

170 

29) 

ISO 

.78) 

190 

.13) 

200 

.34) 

210 

43) 

220 

12.42) 

e 

ri 

w 




t 


2 


7f5 


V 1.370 1.449 1.524 1.594 1.663 1 729 1.794 1.857 1.920 1.982 2.043 2.103 2.163 2.222 

230 h 645.4 660.4 674.5 687.9 700.9 713.5 726 0 738 3 750.5 762.6 774.7 786.8 798.9 811.1 

(105.30) s 1.1840 1 2095 1,2325 1.2538 1.2738 1.2927 1.3107 1.3281 1.3448 1.3610 1,3767 1 3921 1.4070 1.4217 



Table C-2 Properties of soperbcated amiaoiiia (EagBsh onlts)* (CondBDed) 



Abstracted from Ref. 189 . 
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Table D Saturation properties of propane C^H 
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7M 


Abstracted from Ref. 













Enthalpy /i,B*u/lb 


APPENDIX 

_E 

THERMODYNAMIC PROPERTIES OF SODIUM 



Entropy s. Btu/lbm 'R 


Flpr, E-l Mollier diagram for sodium. (Based on chnns. courtesy Flight Propulsion Uborosory and the 
General Electric Company.) 
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Table E Thermodynamic properties of sodium* 


Terapfrature, *R 
prat., ptia) 

Sat. 

liquid 

Sat. 

vapor 

Tomperiiurt o( 

800 

900 

1000 

1100 

1200 

p 

1.7232 X 10-' 







700 h . . . 

219.7 

2180 5 

2203 I 

3224.7 

2240.4 

2208.0 

2289.5 

(fl.7472 X 10-*) 1 . , , 

0 6854 

3 4866 

3.5169 

3 5424 

3 5652 

3.5857 

3.6043 

V . . 

1 7548 X 10'* 

7 4375 X 10" 


8 3835 X 10* 

9.3168 X 10" 

1 0249 X 10* 

I IIBOX 10" 

800 h .. .. 

252 3 

2200 1 


2324 4 

2246.3 

2267.9 

2289 5 

(5 0100 X 10 ’) 1 

0 7290 

3 1637 


3 1925 

3.2155 

3 3300 

3.3546 

, 

1.7864 X 10'* 

3.0411 X 10’ 



4.0207 X 10’ 

4.4718 X 10' 

4.8786 X 10' 

900 h ... . 

284 3 

2217 6 



2246 9 

2367 7 

2380 4 

(1 1480 X 10 -‘) j 

0 7607 

2 9148 



2 9410 

2 9053 

2 9841 


1 8180 X 10'* 

3 323 X 10" 




3.0834 X 10" 

4 0245 X 10' 

1000 A. 

315 9 

2232 7 




3364 8 

2"288”6 ' 

(1.3909X 10-’) 1 ... . 

0 7999 

3.7168 




2.7474 

2.7680 

, 

1 8496 X 10-* 

4 7592 X 10* 





5 2512 X 10* 

1100 h. 

347 0 

2345 I 





2282 7 

(1 0U16 X 10"') 1.. . 

0 8296 

2 5551 





2 5678 

1 8812 X 10-* 

9 5235 X 10* 






1300 A 

377 7 

2354 9 






(3 7398 X 10-») 1 . 

0 8563 

2 4207 






1, . . , 

1.9128 X 10'* 

3 4520 X 10* 






1300 A 

40 8 2 

2263 8 





, 

(2 3010 X 10-') I . , 

0 8807 

2 3073 






1 9444 X 10'* 

7.6798 X 10* 






1400 A 

438 4 

2209 3 






(8.1347 X 10-‘) 1 . 

0 9031 

2 2109 







1.9760 X 10'* 

2 8334 X 10* 






1500 A 

468 3 

2274 9 






(2 3351 X 10-1) 8 

0 9239 

2 1382 






r 

2 0076 X 10-» 

1 1935 X 10* 






1600 A . 

498 6 

3380 0 






(5 8425 X lO-i) 8 

0 9433 

2 0567 







2 0392 X 10-* 

5 5585 X 10* 






1700 A 

528 5 

2285 3 






(1 3170) ,1 

0 9615 

1.9948 


. 




, 

2 0708 X 10'* 

3.8200 X 10* 






1800 h . ... 

558 6 

I 2291 1 






(2 7164) 8 

0 9786 

1.9411 

. 





( 

2 1024 X 10-* 

1.6512 X 10* 






1900 A . 

588 8 

3297 3 






(5.1529) 8. 

», 

0 9949 

1.8941 






2 1340 X 10"* 

90 914 






2000 A. 

019 1 

2304 I 






(0 1 533) 8 

1 0105 

1 8530 







2.1656 X 10-1 

56 185 






2100 A , ; 

64 9 7 

3313 1 






(16 392) 1. 

1 0255 

1 8171 







2 1972 X 10-* 

36 338 






2200 A .. 

080 7 

2321 0 






(24 602) 8 

1 0399 

1 7855 







2 2388 X 10-1 

34 454 






2300 A . . 

712 0 

2330 7 






(38 013) 8. 

1 0538 

1 7576 







2 2004 X I0~* 

17 109 






2400 A.. 

743 8 

2341 3 






(60 212) 8. 

1 0073 

1 7329 






1. 

2 2930 X 10-* 

12 388 






2300 A 

770 3 

2353 9 






(80 230) 8 

I 0805 

1 7111 






8. 

2 3230 X 10~* 

9 2328 






2000 A . 

809 1 

2305 1 






(1 1116 X 10») 8. 

1 0934 

1 6919 






1 

2 3502 X 10^ 

7 0880 






2700 A. 

843 7 

2378 8 






(1 5052 X 10>) 1. 

1 1001 

1 0751 







FromIUf 191 

















































j|iorli(atrfl Vapor, *Il 


1400 

1600 

1800 

3000 

2300 

2400 

2000 

3700 

2332 7 

3 6381 

2375.0 

3.0666 

2410 1 

S 60r4 

3462.3 

3.7148 

2605 4 

3 7354 

2648. B 

3 7545 

3691 8 
3.7713 

3613.4 

3.7706 

1 3044 X 10' 
2332.7 

3 3884 

1 4007 X 10' 
3370 0 
3.3160 

1.8771 X 10* 
2410 1 
3.3428 

1.8634 X 10' 
2462.3 
3.3662 

2.0408 X 10« 
2505 4 
3.3868 

2 2361 X 10' 
2648 6 

3 4048 

2 4234 X 10' 
2601.8 

3 6317 

3 6166 X 10* 
2613 4 
3.4300 

3 6024 X 10’ 
2332 7 

3 0179 

0.8056 X 10’ 
3376 0 
3.0464 

7.3188 X 10’ 
2410 1 

3 0723 

8.1320 X 10* 
24B2 3 

3 0047 

8 9462 X 10’ 
2605 4 

3 1163 

0.7684 X 10’ 
264 8 6 
3.1343 

1 0672 X 10* 
2601 8 

3 1511 

1 0078 X 10* 
3613 4 

3 1604 

4 0978 X 10' 
3333 6 

3 8024 

0 3603 X 10* 
3376 0 

B 8300 

8 0406 X 10* 
3410 1 

3 8568 

6,7118 X 10' 
3462 S 

3 8702 

7 383 X 10« 
2508 4 

2 8008 

8 0 641 X ID* 
264 8 6 

2 0188 

8,72 53 X 10* 
2601.8 

3 0367 

0 0600 X 10* 
3613 4 
3.0430 

H 1516 X 10* 
233 1 7 

2 6203 

7 0339 X 10* 
3378 7 

3 6662 

7.0130 X 10* 
3410 0 

2 6813 

8.7036 X 10* 
2462 3 

2 7036 

9 6729 X 10' 
3506 4 

2 7243 

1 0682 X 10' 
2648 6 

2 7433 

1.1433 X 10* 
2601.8 

3 7601 

1 1871 X 10* 
3613 4 

2 7684 

1 1346 X 10* 
2327.0 

2 4778 

1.3001 X 10* 
3374.7 

2 6080 

1.4636 X 10* 
3418 7 

3 5363 

1 8263 X 10* 
3462 2 

2 6578 

1 7801 X 10* 
3606 4 

2 5785 

1.9617 X 10' 
264 8 6 

2 6975 

2.1144 X 10» 
2601.8 
2.6143 

2 1067 X 10' 
3613 4 

2 0226 

2 (1930 X 10* 
2313 3 

2 3446 

3 1134 X 10* 
2371 1 

3 3836 

3 5006 X 10* 
2417.6 

2 4116 

3.0019 X 10* 
2461.7 

2 4343 

4 2031 X 10* 
2606 I 

2 4661 

4 6838 X 10* 
2648 6 

2 4742 

8 0748 X 10* 
2661.8 

2 4011 

6 3606 X 10* 
2613 4 

3 4003 


0 0793 y 10* 
2360 9 

2 3718 

1 0293 X 10* 
3414 0 

3 3040 

1.1460 X 10* 
3460 3 

2 3280 

1 2616 X 10* 
2604 6 
2.3401 

1 3767 X 10* 
2648 1 

2 3683 

1 4016 X 10* 
2601.6 

2 3853 

1 6401 X 10* 
3613.3 

3 3086 


3 1026 X 10* 
2333 6 

2 1661 

3 6626 X 10* 

2 404 7 

2 2083 

3 0820 X 10' 
2466 6 

2 3362 

4 3806 X 10* 
2602 7 

2 2573 

4 7020 X 10* 
264 7 2 

2 2769 

6.1044 X 10' 

2501 0 

2 2040 

6 3048 X 10' 
2613 8 

3 3033 



1 4040 X 10* 
23 84 7 
2.1102 

1 6823 X 10* 
2448 0 

2 1623 

1 7406 X 10* 
2498 7 
2.1766 

1 9128 X 10* 
2646 1 

2 1969 

2 0743 X 10' 
2580.7 

3 3144 

3 1648 X 10' 
2611 8 
3.2238 


' 

6 0650 X 10* 
2347 7 

2 0300 

6.0378 X 10* 
2431 3 

2 0747 

7.7180 X 10* 
2400 6 

2 1031 

8.4001 X 10* 
2640 7 

2 1252 

9 1 858 X 10' 
2687.1 

2 1433 

0 6468 X lOi 
2600 8 
3.1510 




3 2962 X 10* 
2402 3 

1 9996 

3 7033 X 10* 
2476 6 

2 0347 

4 0785 X 10* 
2632 6 

2 0607 

4 4386 X 10* 
3582 3 

3 0793 

4 0168 X 10* 
9605 0 

3 0882 




1 6838 X 10* 

23 60 5 

1 0250 

1 0107 X 10' 
2461.8 

1 9701 

2.1298 X 10* 
2618 8 

1 0906 

2 3266 X 10* 
3672 0 

3 0213 

3 4224 X 10* 
2500 3 

3 0100 





1 0643 X 10' 
2417 4 

1 0072 

’ .181fl X 10' 
2408 0 

1 0426 

1 3980 X 10' 
26«0 9 

1 0073 

1 8580 X 10' 
2588 0 
1.0780 





60 866 

2872 9 
1.8456 

68 826 

2460 0 

1 8876 

70 167 

3461 0 

1 0164 

70.650 

2579.5 

1 0384 






41 764 

2431 8 

1 8340 

4fl 633 

2616 2 

1 8674 

48 930 

35A3 8 

1 8811 






26 244 

2388 2 
1.7820 

29 685 

2484 0 

I 8201 

II 159 

3535 0 

1 8855 


1 





10 460 

30.580 







2446.8 

1,7748 

2492 5 
1.7032 







IS 210 

3406 5 

14 012 

2450 5 







1 7521 

1.7M1 








9.MM 








Mil 1 








1.71N 










Ml 





















APPENDIX 

F 



Entropy s, Btu/lb;„ “R 

Figure F-1 Mollicr diagram for mercury. (Bastd on charts, courtesy Flight Propulsion Laboratory and 
the General Electric Company.) 
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Table F Thermodynamic properties of mercury* 


Torapertture. "R 

(a»t. paitt) 

8»t. 

Uquid 

Kit. 

vapor 

Terapcrenirc of superiicaied vapor. Hi 

800 

900 

1000 

1100 

1200 


0 0012 

3 107 X 10* 

3 551 X 10* 

3.995 X 10* 

4 «9 X 10* 

4 883 X 10* 

6 327 X 10* 

700 h . . 

29 26 

156 94 

159 21 

161 49 

163 77 

166 00 

168 36 

(1 2061 X 10-*)! 

0 09998 

0 2824 

0 2854 

0 2882 

0 2906 

0 2928 

0 2948 


0 00122 

3 4150 X 10* 


38 42 

42 69 

46 96 

51 23 


32 51 

159 75 


162 03 

164 31 

166 60 

168 89 

(1 2M1 X 10-‘) ! . 

0 1043 

0 2034 


0 2661 

0 2685 

0 2707 

0 2727 


0 00123 

62 870 



69 86 

76 85 

83 83 

OOO k . . 

35 76 

162 54 



164 82 

167 11 

169 41 

(b.”76637) 5 

0.1081 

0 2490 



0 2514 

0 2M6 

0 2 557 


0 00124 

16 570 




IS 22 

19 88 

1000 h 

38.08 

165 32 




167 61 

169 91 

(3 2310) ! 

0 1115 

0 2379 




0 2041 

0 2421 


0 00125 

5 654 





6 168 

1100 h 

42 21 

168 10 





17u 40 

(10 415) ! 

0 1146 

0 2291 





0 2311 


0 00127 

2 340 






1200 h 

45 45 

170 88 






(27 450) 1 . . 

0 1174 

0 2220 






P . . 

0 00128 

1 122 


. 


■ 


1300 A . 

48 70 

173 69 






(62 007) i . , 

0.1200 

0 2162 







0 00129 

0 6036 



. 



1400 A 

51.97 

176 51 






(1 2413 X 10») j . 

0 1225 

0 2114 







0 00131 

0 3659 






1500 A 

55 27 

179 36 






(2 2 556 X 10’) 1 , 

0 1247 

0 2075 






P 

0 00132 

0 2258 






1500 A 

58 61 

182 25 






f3 7943 X 10') > 

0 1269 

0 2042 







0 00133 

0 1521 






1700 A 

62 00 

185 19 






(6 9840 X 10*) i 

0 1289 

0 2014 




1 


r 

0 00135 

0 1077 


1 




1800 A 

65 44 

188 18 






(8 9481 X 10') 

0 1309 

0 1991 







0 00136 

0 0795 






1900 A 

68 94 

191 23 






(1 2795 X 10') 1 

0 1328 

0 1972 



1 




0 00137 

0 06078 






2000 A . 

72 51 

194 35 






(1.7617 X 10') ! 

0 1346 

0 1956 







0 00139 

0 04788 






2100 A. . 

76.16 

197 55 






(2 3483 X 10') 1 , 

0 1364 

0 1942 







0 00140 

0 03869 






2200 k' 

79 89 

200 83 






(3 0443 X I0>) 1 

0 1382 

0 1931 







0 00141 

0 03196 






2300 A 

83 71 

204 21 






(3.8523 X 10*) 1, , , 

0 1399 

0 1922 







0 00143 

0 02692 






3400 A.. 

87.64 

207 68 


1 ■ 




(4 7732 X 10*) 1 

0.1415 

0 1915 







0 00144 

0 02306 






2500 A. . 

91.67 

211.27 






(5.a08«X 10*) i 

0 1432 

0 1910 







0 00145 

0 03003 






2600 A. . 

95 S2 

214 97 






(6 9479 X 10*) 1 

0.1448 

0 1906 






1 

0 00147 

0 01764 






2700 A 

100 10 

218 79 






(8 1053 X 10') • . 

0 1464 

0 1904 







* PronRef. 191. 
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Table r Thtmodymmk properties of mercury* (Cootbitied) 

Teapmow ct npoteacd vipor, It 


prav., puft) 

1400 

1600 

IWO 

3000 

9200 

2400 

2600 

2700 


8.314 X 10' 

7.103 X lO* 

7 000 X 10* 

8.878 X 10* 

0 7M X IIH 

1 OOMX 1(H 

1 1540 X 10* 


700 A 

173 n 

177 61 

183 97 

186 07 

101 60 

IW 44 

901 31 

203 61 

(1 3061 X 10-*) 1 . 

0 3084 

0 8015 

0 1049 

0 W67 

0 3090 

0 3111 

0 31W 

0 3139 

t .... 

5.077X10* 

8 881 X 10* 

7.684 X 10* 

8 588 X 10* 

0 902 X 10* 

1 026 X to* 

1 110 X 10' 


WO A 

171.51 

178 15 

189 81 

in 51 

109 93 

100 97 

301.75 

204 14 

(1 3541 X 10-') t 

0.3708 

0.3704 

0 2829 

0 2847 

0 2809 

0 1890 

0 3900 

0 2918 


•7.80 

1 118X 10> 

1 957 X 10* 

1 897 X 10* 

1 537 X 10* 

1 977 X 10* 

1 816 X 10* 

I 8^ X 10> 

000 A . , ; 

174 08 

178 66 

183 33 

188 03 

103 74 

197.40 

303 36 

204 66 

(0.76W7) 1 . 

0 3593 

0 3533 

0 2651 

0 2676 

0 3608 

0 2710 

0 3738 

0 2717 

, 

31 19 

26 51 

20 83 

33 13 

36 44 

80 76 

43 07 

44 73 

1000 A 

174 53 

170.16 

183 62 

188 63 

198 34 

107 08 

302 78 

20A 14 

(3.3310) a 

0 3457 

0 3488 

0 2515 

0 2540 

0 2553 

0 3584 

0 2603 

0 2612 

1 . 

7 197 

8 195 

0 253 

10 28 

11 II 

13 84 

13 37 

13 88 

1100 A 

175 01 

170 65 

184 31 

189 01 

193 73 

108 47 

203 35 

205 64 

(10 415) a 

0 3347 

0 2378 

0 3405 

0 2430 

0 2413 

0 2478 

0 2403 

0 2502 

a 

3 731 

8 131 

8 611 

3 001 

4 301 

4 681 

6 071 

5 266 

1300 A 

175 50 

IW 14 

184 W 

180 50 

104 23 

198 W 

303 74 

206 13 

(27.450) 1 ... 

0 3356 

0 3387 

0 3314 

0 2330 

0 2182 

0 2882 

0 3402 

0 2411 

1 

1 900 

1 381 

1 554 

1 727 

1 900 

2 073 

2 246 

2 331 

1300 A . . 

175.09 

IW 68 

185 10 

199 00 

104 71 

100 46 

204 23 

206 63 

(02.007) a .. 

0 3170 

0.2310 

0 3288 

0 2353 

0 2385 

0 2306 

0 3335 

0 2334 

1 ... 


0 6901 

0.7764 

0 8636 

0 0480 

1 035 

1 121 

1 165 

1400 A 


181 16 

186.81 

190 51 

105 23 

109 97 

804 71 

207 14 

(1 3413 X ie«) I . 


0 3145 

0 3179 

0 3108 

0 3230 

0 3341 

0 2260 

0 2369 

, 


0 3706 

0 4271 1 

0 47a 1 

0 5220 

0.6604 

0 6160 


1500 A 


181 68 

186 35 

101 04 1 

106 76 

300 51 

205 28 


(3 3606 X 10*) a . 1 


0 2000 

0 3117 

0 2142 

0 31U 1 

0 3186 

0 2905 

0.2214 


1600 k 
(3 7043 X 101) I 


1700 A 
(S M40 X I0«) t 


1600 h 
(8 0481 X 10*) ^ 


1000 A 
(1.1706 X I0>) I 


3000 k 
(1.7817 X 1(H) I 


3100 A . 
(8 3483 X UH) i 


3300 A 
(3 0443 X 10*) I 


3300 A . 
(3.8523 X I0>) I . 


3400 A 
(4.7783 X 1(H) I 


3300 A 
(6 WOO X 10') I 


3600 A 
(0 0479 X 10<) I 


3700 A 
(8 1053 X 10') I 











































APPENDIX 

G 

THERMODYNAMIC PROPERTIES OF HELIUM 


Table G Themiodyiiaiiik properties of heliuin* 


Temperature, °F 

PreBBure,_ 


psia 

100 

200 

300 

400 

500 

600 

V . 

102.23 

120.487 

138.743 

157 00 

175 258 

193 515 

14 696 ^. 

0 0097820 

0.0082997 

0.0072076 

0 0063694 

0.0057059 

0 0051676 

h . 

707.73 

827.56 

952.38 

1077.20 

1202.02 

1326,83 

6 . 

6 8421 

7.0472 

7.2233 

7 3776 

7.5149 

7.6386 

V . 

30 085 

35.451 

40.817 

46 183 

51.549 

56 915 


0.033239 

0 028208 

0 024500 

0 021653 

0.019399 

0 017570 

703.08 

827.90 

952 72 

1077.54 

1202 36 

1327.18 

8 . 

6 2342 

6 4393 

6.6153 

6.7697 

6 9070 

7.0307 

V . 

10.063 

11.8522 

13 6407 

15 4293 

17.2183 

19,008 

150 f 

n . 

0.099372 

0 084372 

0 073310 

0.064812 

0 058078 

0 052610 

704 08 

828 91 

953.73 

1078 55 

1203 37 

1328 19 

8 . 

5 6886 

5 8937 

6.0698 

6.2241 

6 3614 

6.4852 

V . 

3.8062 

4 4775 

5 1487 

5.8197 

6.4905 

7 1616 

400 J. 

0.26273 

0.22334 

0.194225 

0.171831 

0.154072 

0 139633 

706 58 

831.42 

956.24 

1081 06 

1205 88 

1330 70 

0. 

5-2013 

5 4065 

5 5827 

5.7371 

5,8744 

5.9981 

V . 

2 5546 

3 0023 

3.44995 

3.8973 

4 3449 

4,7923 

600 f. 

n . 

0.39146 

0,33308 

0.28986 

0.25658 

0.23016 

0.20867 

708.49 

833 33 

958.15 

1082,97 

1207 79 

1332.61 

8 . 

4.9998 

5.2050 

5.3813 

5.5357 

5.6730 

5.7968 

V . 

1.7200 

2.0187 

2 3173 

2.6157 

2.91399 

3 2124 

9C0 . 

A. 

0.58139 

0.49537 

0 43154 

0 38230 

0 34317 

0.31129 

710.29 

835.38 

960 40 

1085 42 

1210 42 

1335 36 

0 . 

4.7981 

5 0035 

5.1797 

5.3342 

5.4715 

5.5953 

icoruinued) 
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Table G Thermodyiiaiiiic properties of helium* (Continued) 


Pressure, 

Temperature, °F 

psia 

100 

200 

300 

400 

500 

600 

V . 

1.05192 

1 2314 

1.4108 

1.58994 

1.7690 

1.9483 

1,500 f. 

0.95064 

0 81207 

0.70880 

0.62897 

0.56528 

0.51328 

h . 

715.54 

840.77 

965.88 

1090 92 

1215 93 

1340.97 

a . 

4.5437 

4.7475 

4.9257 

5.0801 

5.2176 

5.3414 

V . 

0.65044 

0 75847 

0.86635 

0.97410 

1.08176 

1.18947 


1.53741 

1.31845 

1.15427 

1.02659 

0.92442 

0.84071 

2^500 J. 

724.37 

849.73 

974 95 

1100.10 

1225.22 

1350.29 

8 . 

4.2887 

4.4928 

4.6712 

4.8258 

4.9634 

5.0873 

V . 

0.42377 

0 49161 

0.55932 

0.62694 

0.69444 

0.76191 

4 000 ^. 

2.3598 

2.0341 

1.78789 

1.59503 

1 44000 

1.31248 

’ h . 

736.48 

862.24 

987.70 

1113 12 

1238 46 

1363.73 

8 . 

1 

4 0531 

4 2576 

4 4363 

4,5912 

4.7287 

4.8530 


• From Ref. 177. 
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APPENDIX 

__H 

THERMODYNAMIC PROPERTIES OF 
CARBON DIOXIDE 


Table H Thermodynamic properties of carbon dioxide* 


Temperature. °F 


PrpBBure, 


paia 

50 

100 

150 

200 

300 

400 

000 

800 

1000 

1200 

1400 

1600 

1800 

V . 

12 38 

13 61 

14 84 

16 00 

18 51 

20 96 

25.85 

30 73 

35 61 

40 40 

45 36 

50 24 

65.11 

10 0 /i. 

307 3 

317 7 

328 2 

339 0 

361 3 

384 6 

434 4 

487 1 

542 4 

509 6 

656 6 

718 8 

780,0 

a . 

1 4277 

1 4467 

1 4045 

1 4813 

1 5126 

1.5412 

1 5930 

1 6384 

1 0790 

1 7158 

1 7494 

1.7799 

1 8084 

u. 

6 119 

6 778 

7 407 

8 010 

9.247 

10.47 

12 92 

15 36 

17.80 

20 24 

22 68 

25.11 

27,55 

20 0 , . 

306 8 

317 3 

327 9 

338 8 

361 1 

384 5 

434 3 

487 1 

542 4 

599 6 

658 6 

718 8 

780 0 

1 . 

1.3904 

1 4154 

1 4332 

1 4500 

1 4813 

1.5099 

1 5617 

1.0071 

1.6477 

1 6845 

1 7181 

1.7486 

1,7771 

i- ... 

3.053 

3.303 

3 088 

3 093 

4 615 

5 230 

6 458 

7 688 

8 901 

10 12 

11 37 

12 56 

13,78 

40 0 A . . 

305 9 

316 5 

327.4 

338 4 

360 9 

384 3 

434 2 

487 0 

542 4 

599 6 

698 6 

718.8 

780 0 

* - 

1.3642 

1 3834 

1 4014 

1 4184 

1 4499 

1.4787 

1 5305 

1.5759 

1.6J05 

1 6533 

1.6860 

1 7174 

1 7460 

u. 

1 498 

1 657 

1 828 

1 982 

2 298 

2 608 

3 226 

3.839 

4 448 

5 060 

5 670 

6.281 

6.887 

80 0 /i , . 

304 1 

315 1 

320 4 

337 7 

360 2 

383 9 

434 0 

486 9 

542 3 

599 5 

658 6 

716 8 

780 0 

j. 

1 3284 

1 3490 

1 3079 

1.3855 

1 4177 

1.4468 

1 

1 4991 

1.5446 

1 5852 

1 6220 

1 6556 

1.6861 

1.7140 

V 

0 9799 

1 088 

1 208 

1 311 

1 525 

1 

1 734 

2 148 

1 559 

2 966 

3 373 

3,781 

4.188 

4 502 

120 h . 

302 2 

313 6 

325 4 

337 0 

359 7 

383 5 

433 8 

486.8 

542 3 

599 5 

658 6 

718.8 

780 0 

1. 

1 3080 

1 3297 

1 3488 

1 3060 

1 3993 

1 4285 

1 4808 

1 5263 

1.5669 

1 6037 

1 6373 

1 6678 

1 6963 

u 

0.7207 

0 8033 

0 8980 

0 9700 

1 139 

1 297 

1 610 

1 918 

2 224 

2 530 

2 836 

3.141 

3 445 

100 h.. . 

300 4 

312 1 

324 4 

330.3 

359 1 

383 1 

433 6 

486 6 

542 2 

599 5 

658 6 

718 8 

780 0 

a . 

1.2928 

1 3154 

1 3350 

1 3529 

1 3857 

1.4151 

1 4675 

1 5133 

1.5539 

1 5907 

1 6243 

1 6548 

1 6833 

V ... 

0 5652 

0 0376 

0 7125 

0 7748 

0 9075 

1 035 

1 287 

1 534 

1.779 

2.024 

2.269 

2.513 

2.757 

200 A. 

298 6 

310 6 

323 4 

,335 6 

358 5 

302 7 

433 4 

486 5 

542 2 

599 5 

658 5 

718.8 

780 0 

«... 

1 2805 

1 3038 

1 3239 

1 3421 

1 3753 

1 4049 

1 4574 

1 5033 

1 5439 

1 5807 

1 6143 

1 6448 

1 6733 

y 

0 4614 

0 5237 

0 5886 

0 6407 

0 7532 

0 8604 

1 071 

1 273 

1 482 

1 687 

1 801 

2 005 

2.297 

240 h. 

296 7 

309 1 

322 4 

334.9 

358 0 

382.3 

433.1 

48C.4 

542 1 

599 5 

668 5 

718 8 

780 0 

a . 

1 2094 

1 2940 

1 3145 

1 3330 

1 3671 

1.3963 

1 4490 

1.4948 

1.5356 

1 5724 

1 6060 

1 6365 

1.6660 

u . . . . 

0 3563 

0 4100 

0 4630 

0 5065 

0 5985 

0 6868 

0 855G 

1 021 

1 186 

1 349 

1 613 

1.676 

1.838 

300 h . 

294 0 

306 9 

320 9 

333 9 

357 1 

381.6 

432.8 

486 2 

542 0 

599 4 

668 5 

718.7 

780.0 

• . . . 

1 2562 

1.2813 

1,3029 

1.3219 

1 3500 

1.3862 

1 4389 

1.4848 

1 5256 

1 5624 

1 6960 

1 6266 

1.6660 


0 2858 

0 3341 

0 3780 

0 4171 

0 4958 

0 5093 

0 7212 

0 8502 I 

0 9874 

1 125 

1 261 

1 307 

1.533 

360 h. 

291 2 

304 6 

319 4 

332 8 

356 3 

381 0 

432 5 

486 0 

541 0 

690 4 

668 5 

718.7 

770.9 

a . . . 

1 2430 

1 2099 

1 2925 

1.3124 

1 3475 

1 3779 

1 4307 

1.4766|l .5174| 

1 5542 

1 6678 

1 6183 

1.6468 


{contifuted) 
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Table H Therniodynamic properties of carbon dioxide* (Continued) 


PrPMure, 

Temperature. °F 





psia 

50 100 150 200 300 400 000 800 

1000 

1200 1400 

1600 

1800 

y 

1 1 1 1 1 1 

0.221(3 0 2652|o 304o|o 3358)0 402210.4033|o 5817 0. (3950 0 8079 0 9201 1.032 

1 . 142 

1 255 

440 A . . 

287 6 301 6 317 4 331 4 355 1 380.2 432 1 485 8 

541 7 

599 3 658 4 

718 6 

779.9 

B . . . . . 

1 2282 I 2559 1 2797 I 3006 1 3370 1 3681 1 4215 1 4675 

1 5083 

1 5451 1 5787 

1.6092 

1.6377 

V . 

0 1772 0 2174 0 2513 0 2795 0 3374 0 3901 0 4912 0 6881 

0 6832 

0 7785 0 8733 0 9672 

1 062 

520 A. 

283 9 298 7 315 4 330 0 354 0 379 4 431 7 485.5 

541 5 

599 2 658.3 

718 6 

779 9 

s . 

1 2148 1 2438 1 2087 1 2905 1 3281 1 3599 1 4138 1 4599 

1 5007 

1 5375 1 5711 

1.6010 

1 6301 


0 1452 0 1823 0 2123 0 2383 0 2898 0 3363 0 4250 0 5093 

0,5921 

0 6747 0 7371 

0 8386 0.9202 

000 A . , 

280 3 295 7 313.4 328 6 352.8 378 G 431 1 485 3 

541 4 

599.0 658 2 

718 6 

779 8 

. 

1 2020 1 2323 1.2583 1 2809 1 3198 1 3525 1 4071 1 4534 

1 4942 

1.5310 1 5646 

1 5951 

1.6236 

i' , ... 

0 1196 0 1483 0 1712 0 2126 0 2489 0 3173 0 3812 0 4436 0 5060 0 6680 0 6292 

0 6906 

800 A . . 

. 288 2 308 4 325,1 350 0 370.5 430 1 484.7 

541 0 

508.8 658.0 

718.4 

779.7 

s. 

1 2111 1 2391 1 2631 1 3041 1 3380 1 3935 1 4404 

1 4812 

1 5180 1 5516 

1 5821 

1.6106 

K. 

. 0 1101 0 13100 1663 0 1966 0 2526 0 3048 

0 3547 

0 4049 0.4545 0.5037 

0 5526 

1000 A . . . 

303 4 321 6 347 1 374 5 429 1 484 0 

540 6 

598 5 657.8 

718.3 

779.6 


1 22181 24721 29031 32581 38281.4302 

1 1 

1 4712 

1 5080 1 5416 

1.5721 

1 6006 


• From Ref 193 
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APPENDIX 

_I 

AIR TABLES 


Table I-l Enthalpy and isentropic pressure ratio for dry air* 


T, h, T, h, T, h, 

°R Btu/lb„ Pr “R Btu/lb„ Pr “R Btu/lb„ Pr 


450 

107.50 

0.7329 

460 

109.90 

0.7913 

470 

112.30 

0.8531 

480 

114.69 

0.9182 

490 

117.08 

0.9868 

500 

119.48 

1.0590 

510 

121.87 

1.1349 

520 

124.27 

1.2147 

530 

126.66 

1.2983 

540 

129.06 

1.3860 

550 

131.46 

1.4779 

560 

133.86 

1.5742 

570 

136.26 

1.6748 

580 

138.66 

1.7800 

590 

141.06 

1.8899 

600 

143.47 

2.005 

610 

145.88 

2.124 

620 

148.28 

2-249 

630 

150.68 

2.379 

640 

153.09 

2.514 

650 

155.50 

2.655 

660 

157.92 

2.953 

670 

160.33 

2.953 

680 

162.73 

3.111 

690 

165.15 

3.276 

700 

167.56 

3.446 

710 

169.98 

3.623 

720 

172.39 

3.806 

730 

174.82 

3.996 

740 

177.23 

4.193 

750 

179.66 

4.396 


760 

182.08 

4.607 

770 

184.51 

4.826 

780 

186.94 

5 051 

790 

189.38 

5.285 

800 

191.81 

5,526 

810 

194.25 

5.775 

820 

196.69 

6.033 

830 

199.12 

6 299 

840 

201.56 

6.573 

850 

204.01 

6.856 

860 

206.46 

7.149 

870 

208.90 

7.450 

880 

211.35 

7 761 

890 

213.80 

8.081 

900 

216.26 

8 411 

910 

218.72 

8.752 

920 

221.18 

9.102 

930 

223.64 

9.463 

940 

226.11 

9.834 

950 

228.58 

10.216 

960 

231 06 

10.255 

970 

233.53 

11 014 

980 

236.02 

11.430 

990 

238.50 

11.858 

1000 

240.98 

12.298 

1010 

243.23 

21.523 

1020 

245.97 

13.215 

1030 

248.45 

13.692 

1040 

250.95 

14.182 

1050 

253.45 

14.686 

1060 

255.% 

15.203 


1070 

258.47 

15.734 

1080 

260.97 

16.278 

1090 

263.48 

16.838 

1100 

265.99 

17.413 

1110 

268.52 

18.000 

1120 

271.03 

18.604 

1130 

273.56 

19.223 

1140 

276.08 

19.858 

1150 

278.61 

20.15 

1160 

281 14 

21.18 

1170 

283.68 

21.86 

1180 

286.2. 

22,56 

1190 

288.76 

23.28 

1200 

291,30 

24.01 

1210 

293.86 

24.76 

1220 

2%,4i 

25.53 

1230 

298 % 

26,32 

1240 

301.52 

27.13 

1250 

302 08 

27% 

1260 

306,65 

28.80 

1270 

309.22 

29.67 

1280 

311.79 

30,55 

1290 

314.36 

31.46 

1300 

316.94 

32.39 

1310 

319.53 

33.34 

1320 

322.11 

34.31 

1330 

324.69 

35.30 

1340 

327.29 

36.31 

1350 

329.88 

37.35 

1360 

332,48 

38.41 

1370 

335.09 

39.49 


(continued) 
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Table 1-1 Enthalpy and isentropic pressure ratio for dry air* (Condnued) 


T, 

Tl 

h. 

Btu/lb„ 

Pr 

T. 

h, 

Btu/lb„ 

Pr 

T. 

“R 

h, 

Btii/lb,n 

Pr 

1380 

337.39 

40.59 

1590 

393.07 

70.00 

1800 

449.71 

114.03 

1390 

340.29 

41.73 

1600 

395.74 

71.73 

1810 

452.44 

116.57 

1400 

342.90 

42.88 

1610 

398.42 

73.49 

1820 

455.17 

119.16 

1410 

345.52 

44.06 

1620 

401.09 

75.29 

1830 

457.90 

121.79 

1420 

348.14 

45.26 

1630 

403.77 

77.12 

1840 

460.63 

124.47 

1430 

350.75 

46.49 

1640 

406.45 

78.99 

1850 

463.37 

127.37 

1440 

353.37 

47.75 

1650 

409.13 

80.89 

1860 

466.12 

129.56 

1450 

356,00 

49.03 

1660 

411.82 

82.83 

1870 

468.86 

132.77 

1460 

358.63 

50.34 

1670 

414.51 

84.80 

1880 

471.60 

135.64 

1470 

361.127 

51.68 

1680 

417.20 

86.82 

1890 

474.35 

138.55 

1480 

363.89 

53.04 

1690 

419.89 

88.87 

1900 

477.09 

141.51 

1490 

366.53 

54.43 

1700 

422.59 

90.95 

1910 

479.85 

144.53 

1500 

369.17 

55.86 

1710 

425.29 

93.08 

1920 

482.60 

147.59 

1510 

371.82 

57.30 

1720 

428.00 

95.24 

1930 

485.36 

150.70 

1520 

374.47 

58,78 

1730 

430.69 

97.45 

1940 

488.12 

153.87 

1530 

377.11 

60.29 

1740 

433.41 

99.69 

1950 

490.88 

157.10 

1540 

379.77 

61.83 

1750 

436.12 

101.98 

1960 

493.64 

160.37 

1550 

382.42 

63.40 

1760 

438.83 

104.30 

1970 

496.40 

163.69 

1560 

385.08 

65.00 

1770 

441.55 

106.67 

1980 

499.17 

167.07 

1570 

387.74 

66.63 

1780 

444.26 

109.08 

1990 

501.94 

170.50 

1580 

390.40 

68.30 

1790 

446.99 

111.54 

2000 

504.71 

174.00 


* Abstracted from Ref. 8. 
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Table 1-2 Enthalpy and isentropic pressure ratio for products of combustion with 200 percent theoretical air’ 
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Triilc 1-2 Enthalpy and bentropk pressure ratio for products of combustion with 200 percent 
(Conthraed) 
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Table 1-3 Enthalpy and isentropic pressure ratio for products of combustion with 
400 percent theoretkaJ air* _ 



Btu/lb^-mol 

Pr 

r,°R 

Btu/lb^niol 

Pr 


Btu/lb,„niol 

Pr 

1500 

10875.6 

59.80 

1970 

14662.6 

180.50 

2440 

18608.9 

445.8 

1510 

10954.4 

61.39 

1980 

14745.3 

184.33 

2450 

18694.1 

453.7 

1520 

11033.1 

63.01 

1990 

14827.7 

188.23 

2460 

18779.5 

461.7 

1530 

11111.6 

64,67 

2000 

14910.3 

192.21 

2470 

18864.9 

469.9 

1540 

11190.7 

66.37 

2010 

14993.2 

1%,24 

2480 

18950.2 

478.1 

1550 

11269.6 

68.10 

2020 

15075.8 

200.35 

2490 

19035.7 

486.5 

1560 

11348.6 

69,86 

2030 

15158 7 

204.51 

2500 

19121.4 

494,9 

1570 

11427.6 

71.66 

2040 

15241.6 

208.76 

2510 

19207.2 

503,5 

1580 

11506.8 

73.51 

2050 

15324.7 

213.06 

2520 

19292.8 

512.3 

1590 

11586.3 

75.39 

2060 

15407.6 

217.45 

2530 

19378.4 

521.1 

1600 

11665.6 

77.30 

2070 

15490.9 

221.90 

2540 

19464.2 

530.0 

1610 

11745.2 

79.25 

2080 

15574.0 

226.42 

2550 

19550.1 

539.1 

1620 

11824.6 

81.24 

2090 

15656.9 

231.04 

2560 

1%35.9 

548.3 

1630 

11904.4 

83.27 

2100 

15740.5 

235.7 

2570 

19721.8 

557.7 

1640 

11984.1 

85.35 

2110 

15740.5 

240.5 

2580 

19807.8 

567.1 

1650 

12063.8 

87.46 

2120 

15907.5 

245.3 

2590 

19893.7 

576.7 

1660 

12143.8 

89.61 

2130 

15990.7 

250.2 

2600 

19979.7 

586.4 

1670 

12223.8 

91.80 

2140 

16074.2 

255.1 

2610 

20065.9 

596.2 

1680 

12303.9 

94.05 

2150 

16157.9 

260.2 

2620 

20152.0 

606.3 

1690 

12383.9 

96.33 

2160 

16241.7 

265.4 

2630 

20238.1 

616.5 

1700 

12464.3 

98.64 

2170 

16325.5 

270.6 

2640 

20324.3 

626.6 

1710 

12544.6 

101.02 

2180 

16409.4 

275.9 

2650 

20410.6 

636.9 

1720 

12625.3 

103.43 

2190 

16493.3 

281.3 

2660 

20497.0 

647.4 

1730 

12705.5 

105.89 

2200 

16577.1 

286,7 

2670 

20583.5 

658.1 

1740 

12786.4 

108.40 

2210 

16661.3 

292.3 

2680 

20670 0 

668.9 

1750 

12867.0 

110.96 

2220 

16745.4 

297.9 

2690 

20756.4 

679.8 

1760 

12947.8 

113.55 

2230 

16829.4 

303.7 

2700 

20842.8 

690,9 

1770 

13028.6 

116.20 

2240 

16913.6 

309.4 

2710 

20929.2 

702.1 

1780 

13109.4 

118.90 

2250 

16998.0 

315.3 

2720 

21015.7 

713.5 

1790 

13190.5 

121.66 

2260 

17082.3 

321.3 

2730 

21102.4 

725.1 

1800 

13271.7 

124.45 

2270 

17166.6 

327.5 

2740 

21189.2 

736.8 

1810 

13353.0 

127.30 

2280 

17250.7 

333.6 

2750 

21276.0 

748.5 

1820 

13434.3 

130.21 

2290 

17335.4 

340.0 

2760 

21362.6 

760.5 

1830 

13515.5 

133.17 

2300 

17419.8 

346.2 

2770 

21449.4 

772.6 

1840 

13597.0 

136 18 

2310 

17504.6 

352.7 

2780 

21536.2 

784.9 

1850 

13678.5 

139.23 

2320 

17589 0 

359.3 

2790 

21622.7 

797.3 

1860 

13760.3 

142.35 

2330 

17673.6 

365.9 

2800 

21709.8 

809.9 

1870 

13842.0 

145.53 

2340 

17758.4 

372.6 

2810 

21796.9 

822.6 

1880 

13923.6 

148.76 

2350 

17843.2 

379.5 

2820 

21884.0 

835.5 

1890 

14005.6 

152.05 

2360 

17928.1 

386.5 

2830 

21970.9 

848.5 

1900 

14087.2 

155.39 

2370 

18013.0 

393.6 

2840 

22058.0 

861.8 

1910 

14169.5 

158.80 

2380 

18098.0 

400.7 

2850 

22145.3 

875,2 

1920 

14251.3 

162.26 

2390 

18182.9 

408.0 

2860 

22232.5 

888 8 

1930 

14333.4 

165.78 

2400 

18268.0 

415.3 

2870 

22319.8 

902.6 

1940 

14415.7 

169.37 

2410 

18353.2 

422.8 

2880 

22406.6 

916.4 

1950 

14498.0 

173.02 

2420 

18438.4 

430.2 

2890 

22494.1 

930.4 

1960 

14580.3 

176.73 

2430 

18523.5 

438,0 

2900 

22581,4 

944.7 
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Table 1-3 Enthalpy and Isentropic pressure ratio for products of wwn bwsHon with 
400 percent theoretical air* (Continued) 



h. 

Btu/lb|„[nol 

Pr 


h. 

Btu/lb^mol 

Pr 


h, 

Btu/lb^mol 

Pr 

2910 

22668.8 

959.1 

3110 

24423.6 

1286.5 

3310 

26191.6 

1698.1 

2920 

22756.3 

973.7 

3120 

24511.8 

1305.0 

3320 

26280.3 

1721.1 

2930 

22843.7 

988.5 

3130 

24600.1 

1323.6 

3330 

26369.0 

1744.5 

2940 

22931.2 

1003.5 

3140 

24688.2 

1342.5 

3340 

26457.7 

1768.0 

2950 

23018.5 

1018.6 

3150 

24776.5 

1361.7 

3350 

26546.8 

1791.6 

2960 

23105.9 

1033.8 

3160 


1381.0 

3360 

26635.9 

1815.6 

2970 

23193.6 

1049.4 

3170 

24953.0 

1400.5 

3370 

26724.9 

1840.0 

2980 

23281.3 

1065.0 

3180 

25041.4 

1420.2 

3380 

26813.6 

1864.7 

2990 

23368.9 

1080.9 

3190 

25129.6 

1440.2 

3390 

26902.3 

1889.5 

3000 

23456.6 

10%.8 

3200 

25217.8 

1460.4 

3400 

26991.4 

1914.6 

3010 

23544.3 

1113.2 

3210 

25306.3 

1480.8 

3410 

27080.7 

1940.0 

3020 

23632.0 

1129.7 

3220 

25394.7 

1501.5 

3420 

27169.8 

1%5.7 

3030 

23719.7 

1146.3 

3230 

25483.1 

1522.4 

3430 

27258.8 

1991.6 

3040 

23807.7 

1163.1 

3240 

25571.6 

1543.5 

3440 

27347.9 

2017.8 

3050 

23895.6 

1180.1 

3250 

25660.1 

1564.9 

3439 

27436.9 

2044.3 

3060 

23983.6 

1197.4 

3260 

25748.5 

1586.5 

3460 

27526.2 

2071.0 

3070 

24071.7 

1214.8 

3270 

25837.1 

1608.3 

3470 

27615.6 

2098,0 

3080 

24159.6 

1232.4 

3280 

25925.8 

1630.4 

3480 

27704.7 

2125.4 

3090 

24247.5 

1250.2 

3290 

26014.3 

1652.8 

3490 

27793.8 

2152.9 

31X 

24335.5 

1268.3 

3300 

26102.9 

1675.3 





* Abstracted from Ref. 8. 
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APPENDIX 

J_ 

THE ELEMENTS 


Table J Alphabetical list of the elements 


Element 

Symbol 

Atomic 

number, 

Z 

Element 

Symbol 

Atomic 

number, 

Z 

Actinium. 

Ac 

89 

Mercury. 

Hg 

80 

Aluminum. 

A1 

13 

Molybdenum. 

Mo 

42 

Americium. 

Am 

95 

Neodymium... 

Nd 

00 

Antimony. 

Sb 

51 

Neon. . . 

Ne 

10 

Argon. 

A 

18 

Neptunium. 

Np 

93 

Arsenic. 

As 

33 

Nickel. 

Ni 

28 

Astatine. 

At 

85 

Niobium. 

Nb 

41 

Barium. 

Ba 

56 

Nitrogen .. . 

N 

7 

Berkelium. 

Bk 

97 

Nobelium. 

No 

102 

Beryllium. 

Be 

4 

Osmium. . 

Os 

76 

Bismuth. 

Bi 

83 

Oxygen. 

0 

8 

Boron. 

B 

5 

Palladium. 

Pd 

46 

Bromine. 

Br 

35 

Phosphorus. 

P 

15 

Cadmium. 

Cd 

48 

Platinum. . 

Pt 

78 

Calcium. 

Ca 

20 

Plutonium. 

Pu 

94 

Californium. 

Cf 

98 

Polonium. 

Po 

84 

Carbon. 

C 

6 

Potassium. 

K 

19 

Cerium. 

Ce 

58 

Praseodymium. 

Pr 

59 

Caesium. 

Cs 

55 

Promethium. 

Pm 

61 

Chlorine. 

Cl 

17 

Protactinium. . 

Pa 

91 

Chromium. 

Cr 

24 

Radium. 

Ra 

88 

Cobalt. 

Co 

27 

Radon. 

Rn 

86 

Copper. 

Cu 

29 

Rhenium. 

Re 

75 

Curium. 

Cm 

96 

Rhodium . 

Rh 

45 

Dysprosium. 

Dy 

i 66 

Rubidium.. 

Rb 

37 

Einsteinium. 

Es 

I 99 

Ruthenium. . 

Ru 

44 

Erbium. 

Er 

68 

Samarium. 

Sm 

62 

Europium. 

Eu 

' 63 

Scandium.. . 

1 Sc 

21 

Ferrnium. 

Fm 

100 

Selenium. 

Se 

34 

Fluorine. 

F 

9 

Silicon. . 

Si 

14 

Francium. 

Fr 

87 

Silver. 

Ag 

47 

Cadolinium, . . 

Gd 

64 

Sodium. 

Na 

11 

Callium. 

Ga 

31 

Strontium . 

Sr 

38 

Cermanium. 

Ge 

32 

Sulfur. 

S 

16 

Gold. 

Au 

79 

Tantalum. 

Ta 

73 

Hafnium. 

Hf 

72 

Technetium 

Tc 

43 

Helium. 

He 

2 

Tellurium. 

Te 

52 

Holmium. 

Ho 

67 

Terbium. 

Tb 

65 

Hydrogen. 

H 

1 

Thallium. 

TI 

81 

Indium. 

In 

49 

Thorium. 

Th 

90 

Iodine.... 

I 

53 

Thulium. 

Tm 

69 

Iridium , . . . 

Ir 

77 

Tin . 

Sn 

50 

Iron... 

Fe 

26 

Titanium. 

Ti 

22 

Krypton. 

Kr 

36 

Tungsten (Wolfram). . 

W 

74 

Lanthanum 

La 

67 

Uranium.. 

U 

92 

liOad. 

Pb 

82 

Vanadium. 

V 

23 

Liihium. ... 

Li 

3 

Xenon. 

Xe 

64 

Lutecium. 

Lu 

71 

Ytterbium. 

Yb 

70 

Magnesium. ■ ... 

Mg 

12 

Yttrium. 

Y 

39 

Manganese. 

Mn 

25 

Zinc.. 

Zn 

30 

Mendelevium. 

Md 

1 101 

Zirconium. 

Zr 

40 
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APPENDIX 

_K 

TUBES 


Table K Properties of condenser and feedwater heater tubes 


Outside 

diameter, 

in 

Gage, 

BWG 

Thickness, 

in 

Inside 

diameter, 

in 

Surface area, 
fi^/ft 

Waterflow, 

gpm/(ft)/(s) 

Tube mass, 
Ibjft 

(Admiralty) 


16 

0.065 

0.495 

0.1636 

0.600 

0.435 

5/8 

17 

0.058 

0.509 

0.1636 

0.630 

0.393 


18 

0.049 

0.527 

0.1636 

0.680 

0.337 


20 

0.035 

0.555 

0.1636 

0.750 

0.247 


16 

0.065 

0.620 

0.1963 

0.942 

0.532 

3/4 

17 

0.058 

0.634 

0.1963 

0.980 

0.480 


18 

0,049 

0.652 

0.1%3 

1.042 

0.4110 


20 

0.035 

0.680 

0.1 %3 

1.130 

0.299 


16 

0.065 

0.745 

0.2291 

1.360 

0.630 

7/8 

17 

0.058 

0.759 

0.2291 

1.410 

0.567 


18 

0.049 

0.777 

0.2291 

1.480 

0.484 


20 

0.035 

0.805 

0.2291 

1.590 

0.352 


16 

0.065 

0.870 

0,2618 

1.854 

0.727 

1 

17 

0.058 

0.884 

0.2618 

1 910 

0.653 


18 

0.049 

0.902 

0.2618 

1.994 

0.557 


20 

0.035 

0.930 

0.2618 

2.120 

0.404 
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Figarc L-1 Moody friction factor chart \from Ref. 194). 
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APPENDIX 

N_ 

CONVERSION FACTORS 


Table N-1 Some SI basic and derived units 
of interest 


Type 

Unit 

Symbol 

Formula 

Length 

meter 

m 


Mass 

kilogram 

kg 


Time 

second 

s 


Temperature 

kelvin 

K 


Force 

newton 

N 

(kg) (m)/s^ 

Pressure 

pascal 

Pa 

N/m^ 

Energy, work 

joule 

J 

Nm 

Power 

watt 

W 

J/s 


Table N-2 Prefixes of multiples 
and submultiples 

Factor 

Prefix 

Symbol 

10-'" 

atto 

a 

10-’’ 

femto 

f 

io-'2 

pico 

P 


nano 

n 

i(r" 

micro 

M- 

10-’ 

milli 

m 

10-" 

centi 

c 

10-' 

deci 

d 

10 

deka 

da 

ICP 

hecto 

h 

l(p 

kilo 

k 

10* 

mega 

M 

10* 

giga 

G 


tera 

T 


peta 

P 


exa 

E 






Table N-3 Length 


A 

ft 

in 

light 

year 

mil 

micron 

mi 

(sutute) 

m 


3.280840 

3.937008 

1.057021 

3.937008 

1.000000 

6,213712 

1.000000 

1 

1 

o 

£ - 09 

£ - 26 

£ - 06 

£ - 04 

£ - 14 

£ - 10 

3.048000 

} 

1.200000 

3.221807 

1.200000 

3.048000 

1.893939 

3.048000 

£ T 09 


£ + 01 

£ - 17 

£ + 04 

£ + 05 

£ - 04 

£ - 01 

2.540000 

8.333333 

1 

2.684839 

1.000000 

2.540000 

1.578283 

2.540000 

£ + 08 

£ - 02 


£ - 18 

£ + 03 

£ + 04 

£ - 05 

£ - 02 

9.460530 

3.103848 

3.724618 


3.724618 

9.460530 

5.878501 

9.460530 

£ + 25 

£ + 16 

£ + 17 


£ + 20 

£ + 21 

£ + 12 

£ + 15 

2.540000 

8,333333 

1,000000 

2.684839 


2.540000 

1.578283 

2.540000 

£ + 05 

£ - 05 

1 

o 

£ - 21 

1 

£ + 01 

£ - 08 

£ - 05 

1 OOOOOO 

3.280840 

3.937008 

1.057023 

3.937008 

] 

6.213712 

1.000000 

£ f 04 

£ - 06 

£ - 05 

£ - 22 

£ - 02 


£ - 10 

£ - 06 

1,609344 

5.280000 

6.336000 

1.701114 

6.336000 

1.609344 

1 

1.609344 

£ + 13 

£ + 03 

£ + 04 

£ - 13 

£ + 07 

£ + 09 


£ + 03 

1 OOOOOO 

3.280840 

3.937008 

1.057023 

3.937008 

1.000000 

6.213712 

I 

£ + 10 

£ + 00 

£ + 01 

£ - 16 

£ + 04 

£ + 06 

£ - 04 



tl3 


Table N-4 Area 
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Table N-5 Volume 



825 


8.107132 1.000000 5.787037 2.641721 2.199694 6.102375 2.113376 1.056688 



Table N-5 Vohime (ContiDued) 
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(avoirdupois) 



t27 



Table N-6 Man (CoBtfamed) 




Table N-7 Density 


g/CI71^ 

g/L 


Ibjgal 

(US) 

ibjgal 

(imperial) 

Ibjin^ 

ton/yd^ 

kg/m’ 


1.000000 

6.242795 

8.345403 

1.002240 

3.612728 

8.427773 

1.000000 


£ -♦- 03 

£ + 01 

£ + 00 

£ -1- 01 

£ - 02 

£ 

- 01 

£ + 03 

1 000000 

1 

6.242795 

8.345403 

1.002240 

3.612728 

8.427773 

1.000000 

£ - 03 


£ - 02 

£ - 03 

£ - 02 

£ - 05 

£ 

- 04 

£ + 00 

I 601847 

1.601847 


1.336806 

1.605435 

5.787037 

1.350000 

1.601847 

E - 02 

£ + 01 


£ - 01 

£ - 01 

£ - 04 

£ 

- 02 

£ + 01 

1.198264 

1.198264 

7.480519 


1,200949 

4.329004 

1.009870 

1.198264 

£ - 01 

E -h 02 

£ + 00 


£ + 00 

£ - 03 

£ 

- 01 

£ -h 02 

9.977648 


6.228841 

8.326750 


3.604654 

8.408933 

9.977650 

E - 02 

£ + 01 

£ + 00 

£ - 01 


£ - 03 

£ 

- 02 

£ 4 01 

2.767991 

2.767991 

1.728000 

2.310000 

2.774191 

1 

2.332800 

2.767991 

£ + 01 

£ + 04 

£ + 03 

£ + 02 

£ + 02 


£ + 01 

£ + 04 

1,186553 

1.186553 

7.407407 

9.902264 

1.189211 

4.286694 


1 

1.186553 

£ + 00 

£ + 03 

£ + 01 

£ + 00 

£ -h 01 

£ - 02 



£ + 03 

1.000000 

1.000000 

6.242795 

8.345403 

1.002240 

3.612728 

8.427773 

I 

£ - 03 

£ + 00 

£ - 02 

£ - 03 

£ - 02 

£ - 05 

£ 

- 04 


Table N-8 Time (mean solar) 






day 

h 

ms 

min 

lunar month 

1 year 


s 



2.400000 

8.640000 

1.440000 

3.386319 

2.737909 

8.640000 

1 

£ + 01 

£ + 10 

£ + 03 

£ - 02 

£ - 

03 

£ + 04 


4.166667 


3.600000 

6.000000 

1.410966 

1.140796 

3.600000 

£ - 02 

1 

£ -♦- 09 

£ + 01 

£ - 03 

£ - 

04 

£ + 03 


1.157407 

2.777778 


1.666667 

3.919351 

3.168876 

1.000000 

£ - 11 

£ - 10 

1 

£ - 08 

£ - 13 

£ - 

14 

£ - 06 
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Table N-8 Time (mean solar) (Continued) 


day 

h 

ms 

min 

lunar month 

year 

s 


6.944445 

1.666667 

6.000000 


2.351611 

1,901326 6.000000 


£ - 04 

£ - 02 

£ + 07 


£ - 05 

£ - 06 £4-01 


2.953059 

7.087341 

2.551443 

4.252405 


8.085207 2.551443 


£ + 01 

£ + 02 

£ + 12 

£4-04 


£ - 02 £ -H 06 


3.652422 

8.765813 

3.155693 

5.259488 

1.236827 


3.155693 


£ + 02 

£ + 03 

£ + 13 

£4-05 

£ -h 01 


£ -H 07 


1.157407 

2.777778 

1.000000 

1 666667 

3.919351 

3.168876 


£ - 05 

£ - 04 

£ + 06 

£ - 02 

£ - 07 

£ - 08 


Table N-9 Speed 







ft/h 

ft/s 

in/s 

km/h 

kn 

mi/h 

mi/s 

m/s 


2.777778 

3.333333 

3.048000 

1.645789 

1.893939 

5 260943 

8.466667 


£ - 04 

£ - 03 

£ - 04 

£ - 04 

£ - 04 

£ - 08 

£ - 05 

3.600000 


1.200000 

1.097280 

5.924841 

6.818182 

1.893939 

3.048000 

£ + 03 


£ + 01 

£4-00 

£ - 01 

£ - 01 

£ - 04 

£ - 01 

3.000000 

8.333333 


9.144000 

4.937367 

5.681818 

1.578283 

2.540000 

£ + 02 

£ - 02 


£ - 02 

£ - 02 

£ - 02 

£ - 05 

£ - 02 

3.280840 

9.113444 

1 093613 

1 

5.399570 

6.213712 

1 726031 

2.777778 

£ + 03 

£ - 01 

£4-01 

1 

£ - 01 

£ - 01 

£ - 04 

£ - 01 

6.076112 

1.687809 

2.025371 

1.851999 


1.150779 

3.196608 

5.144444 

£ + 03 

£ -»- 00 

£4-01 

£4-00 

1 

£4-00 

£ - 04 

£ - 01 

5.280000 

1.466667 

1.760000 

1.609344 

8.689766 

1 

2.777778 

4.470400 

£ + 03 

£ + 00 

£4-01 

£4-00 

£ - 01 

1 

£ - 04 

£ ' 01 

1.900800 

5.280000 

6.336000 

5.793639 

3.128316 

3.600000 

1 

1.609344 

£ + 07 

£ + 03 

£ -r 04 

£4-03 

£4-03 

£4-03 

1 

£ 03 

1.181102 

3.280840 

3.155693 

3.600000 

1.943845 

2.236936 

6.213712 

1 

£ 4 04 

£ + 00 

£4-04 

£4-00 

£4-00 

£4-00 

£ - 04 



m 





Table N-10 Acceleration 
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Table N-11 Volume flow rate 









cm^/s 

in^/s 

ft^/min 

gal(US)/min 

gal(imperial)/inin 

L/min 

m^/s 


6.102374 

2.118880 

1.585032 

1.319816 

6.000000 

1.000000 


£ - 02 

1 

o 

£ - 02 

£ - 02 

£ - 02 

£ - 06 

1.638706 


3.472222 

2-597403 

2.162792 

9.832238 

1.638707 

£ + 01 


£ - 02 

£ - 01 

£ - 01 

£ - 01 

£ - 05 

4.719474 

2.880000 


7.480520 

6.228841 

2.831685 

4.719474 

£ -1- 02 

£ + 01 


£ + 00 

£ + 00 

£ + 01 

£ - 04 

6.309020 

3.850000 

1.336806 

1 

8.326748 

3.785412 

6.309020 

£ + 01 

£ + 00 

£ - 01 

£ - 01 

£ -1- 00 

£ - 05 

7.576811 

4.623654 

1.605436 

1.200949 

1 

4.546087 

7.576811 

£ + 01 

£ + 00 

£ - 01 

£ + 00 

£ + 00 

£ - 05 

1.666667 

1.017062 

3.531467 

2.641721 

2.19%95 

1 

1.666667 

£ + 01 

£ + 00 

£ - 02 

1 

o 

£ - 01 

1 

£ - 05 

1.000000 

6.102374 

2.118880 

1.585032 

1.319816 

6.000000 

1 

£ + 06 

£4-04 

£ + 03 

£ + 04 

£ + 04 

£ + 04 

1 


Table N-12 Mass flow rate 

8/s 

kg/h 

lb„ymin 

Ib^ 

ton(iiietnc)/d«y 

ton(sbort)/h 

kg/s 


3.600000 

1.322774 

7.936642 

8.640000 

3.968321 

1.000000 

1 

£ + 00 

£ - 01 

£ + 00 

£ - 02 

s 

1 

£ - 03 

2.777778 


3.674371 

2.204623 

2.400000 

1.102311 

2.777778 

£ - 01 

1 

£ - 02 

£ -H 00 

£ - 02 

£ - 03 

£ - 04 

7.559873 

2.721554 

1 

6.000000 

6.531730 

3.000000 

7.S59873 

£ + 00 

£ + 01 

1 

£ + 01 

£ - 01 

£ - 02 

£ - 03 


{contOiy^ 
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Table N-12 Mass Oow rate (Continued) 


g/s 

kg/h 

Ib^min 

Ibjh 

ton(iTictric)/day 

ton(short)/h 

kg/s 

1.259979 

4.535924 

1.666667 

] 

1.088622 

5.000000 

1.259979 

£ - 01 

£ - 01 

£ - 02 


£ - 02 

£ - 04 

£ - 04 

1.157407 

4.166667 

1.530988 

9.185928 


4.592964 

1.157407 

£ + 01 

£ + 01 

£ + 00 

£ + 01 

1 

£ - 02 

1 

o 

2.519958 

9.071847 

3.333333 

2.000000 

2.177243 


2.519958 

£ + 02 

£ + 02 

£ + 01 

£ H- 03 

£ -h 01 

1 

£ - 01 

1.000000 

3.600000 

1.322774 

7.936642 

8.640000 

3.968321 


£ + 03 

£ + 03 

£ + 02 

£ + 03 

£ + 01 

£ + 00 

1 


Table N-13 Force 


dyn 

[g(m) • cm/s^] 

kg/forcc 
(or klb) 

kgr 

kip 

lb-force 

lly 

poundal 
(lb, ■ ft/s') 

N 

((kgXmVs^] 


1.019716 

2.248089 

2.248089 

7.233014 

1.000000 

1 

£ - 06 

£ - 09 

£ - 06 

£ - 05 

£ - 05 

9.806650 


2.204623 

2.204623 

7,093165 

9.806650 

£ + 05 

1 

£ - 03 

£ -h 00 

£ -K 01 

£ + 00 

4.448222 

4.535924 


1.000000 

3.217405 

4.448222 

£ + 08 

E + Q2 

1 

£ + 03 

£ -1- 04 

£ + 03 

4.448222 

4.535924 

1.000000 


3.217405 

4.448222 

£ + 05 

£ - 01 

£ - 03 

1 

£ + 01 

£ + 00 

1.382550 

1.409808 

3.108095 

3.108095 

\ 

1.382550 

£■ + 04 

£ - 02 

£ - 05 

£ - 02 


£ - 01 

1.000000 

1.019716 

2.248089 

2.248089 

7.233014 

1 

£ + 05 

£ - 01 

£ - 04 

£ - 61 

£ f 00 
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3.342102 3.3863«5 2.540000 3.386383 1.134181 1.361017 3.453152 4.911537 2.540000 
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Table N-16 Energy flux 



cal/(s)(cm^) 

erg/(s)(cm^) 

ft Iby/ (h)(ft2) 

hp/ft^ 

W/cm^ 

W/m^ 

1 

7.534608 

3.154589 

7.781696 

3.930150 

3.154589 

3.154589 

O 

1 

£ + 03 

£ + 02 

£ - 04 

£ - 04 

£ 4 00 

1.327209 

1 

4.186800 

1.032794 

5.216129 

4.186800 

4.186800 

£ + 04 


£ + 07 

£ + 07 

£ 4 00 

£ 4 00 

£ 4 04 

3.169984 

2.388459 

1 

2.466785 

1.245851 

1.000000 

1.000000 

£ - 04 

£ - 08 


£ - 01 

£ - 07 

£ - 07 

£ - 03 

1.285067 

9.682478 

4.053860 

1 

5.050505 

4.053859 

4.053859 

£ - 03 

£ - 08 

£ + 00 

1 

£ - 07 

£ - 07 

£ - 03 

2.544432 

1.917130 

8.026641 

1.980000 


8.026641 

8.026641 

£ + 03 

£ - 01 

£ + 06 

£ + 06 

1 

£ - 01 

£ 4 03 

3.169984 

2.388459 

1.000000 

2.466785 

J. 245851 


1.000000 

£ + 03 

£ - 01 

£ + 07 

£ + 06 

£ 4 00 

1 

£ 4 04 

3.169984 

2.388459 

1.000000 

2.466785 

1.245851 

1.000000 


£ - 01 

£ - 05 

£ + 03 

£ + 02 

£ - 04 

£ - 04 

1 


Table N-17 Specific energy 


Btu/lb„ 

cal/g 

kwh/kg 

MW • day/ton 
(metric) 

J/kg, (W • s/kg) 


5.555556 

6.461111 

2.692130 

2.326000 


£ - 01 

£ - 04 

o 

1 

£ 4 03 

1.800000 


1.163000 

4.845833 

4.186800 

£ 4 00 

1 

£ - 03 

£ - 05 

£ 4 03 

1.547721 

8.598452 


4.166667 

3.600000 

E + 03 

£ 4 02 

1 

£ - 02 

£ 4 06 

3.714530 

2.063618 

2.400000 

1 

8.640000 

£ 4 04 

£ 4 04 

£ 4 01 


£ 4 07 

4.299226 

2.308459 

2.777778 

1.157407 

1 

£ - 04 

£ - 04 

£ - 07 

£ - 08 
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Table N-18 Power 


Btu/h 

cal/s 

erg/s 

eV/s 

ft ■ Ity/min 

hp 

lew 

w, (J/S) 

1 

6.999884 

2.930711 

1.829191 

1.296948 

3.930143 

2.930711 

2.930711 


£ - 02 

£ + 06 

£ + 18 

£ + 01 

£ - 04 

£ - 04 

£ - 01 

1.428595 


4.186800 

2.613173 

1.852813 

5.614583 

4.186800 

4.186800 

£ + 01 


£ + 07 

£ -h 19 

£ + 02 

£ - 03 

£ - 03 

£ + 00 

3.412141 

2.380493 


6.241457 

4.425367 

1.341020 

1.000000 

1.000000 

£ - 07 

1 

o 

oo 

1 

£ + 11 

£ - 06 

o 

1 

£ - 10 

1 

o 

5.466898 

3.814002 

1.602190 


7.090278 

2.148569 

1.602190 

1.602190 

£ - 19 

o 

1 

£ - 12 


£ - 18 

£ - 22 

£ - 22 

£ - 19 

7.710415 

5.397200 

2.259700 

1.410382 

1 

3.030303 

2.25%97 

2.259697 

£ - 02 

£ - 03 

£ + 05 

£ + 17 

1 

£ - 05 

£ - 01 

£ - 02 

2.544437 

1.781076 

7.457010 

4 654261 

3.300000 


7.456999 

7.456999 

£ + 03 

£ -1- 02 

£ + 09 

£4-21 

£ + 04 


£ - 05 

£ + 02 

3.412141 

2.388459 

1.000000 

6.241457 

4.425366 

1.341020 

1 

1.000000 

£ + 03 

£ + 02 

£ -f 10 

£ + 21 

£ + 04 

£ -I- 00 


£ + 03 

3.412141 

2.388459 

1.000000 

6.241457 

4.425366 

1.341020 

1.000000 

1 

£ 00 

1 

o 

£ + 07 

£ + 18 

£ -1- 01 

o 

1 

£ - 03 
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Table N-19 Power density 


Btu/(h)(fe) 

cal/(s)(cni^) 

MeV/(s)(cm^) 

W/cm^ (kW/L) 

W/m’ 


2.471986 

6.459728 

1.034971 

1.034971 

1 

£ - 06 

£ + 07 

1 

o 

£ + 01 

4.045330 

1 

2.613173 

4.186800 

4.186800 

£ + 05 

£ + 13 

£ + 00 

£ + 06 

1.548053 

3.826765 

1 

1.602190 

1.602190 

£ - 08 

£ - 14 

1 

£ - 13 

£ - 07 

9.662106 

2.388459 

6.241457 


1.000000 

£ + 04 

£ - 01 

£ + 12 


£ + 06 

9.662106 

2.388459 

6.241457 

1.000000 

1 

£ - 02 

£ - 07 

£ + 06 

£ - 06 

1 


Table N-20 Specific power 

Btu/(h)(lb„) 

cal/(s)(g^) 

ft lty/(h)(lb,) 

hp/lb^ 

W/g, (kW/kg) 

W/kg 


1.543210 

7.781693 

3.930148 

6.461113 

6.461113 

1 

£ - 04 

£ + 02 

£ - 04 

£ - 01 

£ + 02 

6.479999 


5.042536 

2.546735 

4 186800 

4.186800 

£ + 03 

1 

£ + 06 

£ + 00 

£ + 03 

£ + 06 

1.285067 

1.984456 

1 

5.050505 

8.302%5 

8.302965 

£ - 03 

£ - 07 

£ - 07 

£ - 04 

£ - 01 

2.546136 

3.929223 

1.980000 

1 

1.643987 

1.643987 

£ + 03 

£ - 01 

£ + 06 

1 

£ -1- 03 

£ + 06 

1.547721 

2.388459 

1.204389 

6.082773 

1 

1.000000 

£ + 00 

£ - 04 

£ -h 03 

£ - 04 


£ + 03 

1.547721 

2.388459 

1.204389 

6.082773 

1,000000 

1 

£ - 03 

£ - 07 

£ + 00 

£ - 07 

£ - 03 



Table N-21 Thermal conductivity 


Btu/(h)(ftX"F) 

Btu • in/ChXft^XTO 

cal/(sXcmX“C) 

kcal/(hXmX"C) 

W/(mX“C) 

1 

1.200000 

4.133787 

1.488163 

1.730734 

£ -1- 01 

£ - 05 

£ + 00 

£ + 00 

8.333333 

1 

3.444823 

1.240136 

1.442279 

£ - 02 

£ - 06 

£ - 01 

£ - 01 

2.419088 

2.902906 

1 

3.600000 

4.186800 

£ + 04 

£ + 05 

1 

£ -1- 04 

£ + 04 

6.719691 

8.063629 

2.777778 

1 

1.163000 

£ - 01 

£ -♦- 00 

£ - 05 

1 

£ + 00 

5.777894 

6.933473 

2.388459 

8.598452 

1 

£ - 01 

£ + 00 

£ - 05 

£ - 01 


Table N-22 Heat-transfer coefficient 


Btu/(tf)(h)(T) 

cal/(cm^)(sX‘’C) 

W/(ciii^)(’C) 

W/(m^)rC) 


1.356229 

5.678260 

5.678260 


£ - 04 

£ - 04 

£ + 00 

7.373386 


4.186800 

4.186800 

£ + 03 


£ + 00 

E + 04 

1.761102 

2.388459 

1 

1.000000 

£ + 03 

£ - 01 

£ -h 04 

1.761102 

2 388459 

1.000000 

1 

£ - 01 

£ - 05 

£ - 04 
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Table N-23 Specific heat and specific gas 

constant 

Btu/(lb„)(°F) 

cal/(g,)(''C) 

ft ■ lV(lba.)(“R) 

kJ/(kg)(T) 


1.000000 

7.835679 

4.186800 

1 

£ + 00 

£ + 02 

£ + 00 

1.000000 


7.835679 

4.186800 

£ + 00 


£ + 02 

£ + 00 

1.276214 

1.276214 

1 

5 343251 

£ - 03 

£ - 04 

1 

£ - 03 

2.388459 

2.388459 

1.871829 

1 

£ - 01 

£ - 01 

£ - 02 
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Above-ground pumped-hydro energy storage, 
679 

Acceptor level in semiconductors, 577 
Adiabatic combustion temperatures, 168 
Adiabatic compressed-air energy storage, 681 
Adiabatic reversible process, 3, 10 
Advanced gas-cooled reactor (AGR), 434 
Aeolipile steam turbine, 174, 175 
Aeroelectric wind machines, 624 
AGR nuclear reactor, 434 
Air: 

thermodynamic properties of, 12, 314, 809, 
810 

with combustion products, 811-815 
variable specific heats of, 6 
Air cooling on gas turbine blades, 336 
Air mass in solar radiation, 537 
Air preheaters, 102 
recuperative (Ljungstrom), 103 
regenerative, 103 
Ammonia; 

in ocean energy, 638, 639 
thermodynamic properties of: saturated, 
792, 793 

superheated, 794, 796 
Anderson (closed) ocean energy cycle, 638 
Anthracite coal, 123 

Approach temperature of cooling towers, 284 
Aquifer, 506, 681 
Array, photovoltaic, 571 
Arsonval, Arsine d’, 629 
Ash, 125 
removal of, 140 


Atmosphere: 
constituents of, 712 
oxides of carbon, 716 
oxides of nitrogen, 714 
oxides of sulfur, 713 
particulate matter, 722 
stability of, 113 
Atom, structure of, 355, 356 
Attemperation, steam generator, 116 
Axial thrust of turbines, 195 


Baghouse, 738 

Balanced-draft steam generator, lf)6 
Ball-and-race coal pulverizer, 135 
Ball-tube mill coal pulverizer, 135 
Band theory of solids, 575 
Base-load powerplants, 674 
Bay of Ranee tidal plant, 667 
Beam solar radiation, 537 
Binary cycle, geothermal, 515 
Biological effects of nuclear waste, 757 
Biomass, 159 
Bituminous coal, 124 
Boilers, 80 

bent-tube (Stirling). 84 
fire-tube, 80 
master, 115 
once-through, 99 
radiant, 89 
straight-tube, 84 
water circulation in, 91 
water-tube, 83, 87 
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Boiling-water reactor, 417 
General Electric design, 425 
jet jump in, 422 
load following in, 421 
nuclear fuel in, 427 
recirculation in, 419 
steam drying in, 425 
Bottoming cycle, cogeneration, 74 
Bradford breaker, 134 
Brayton cycle: 
ideal, 312 
intercooling in, 325 
modifications of, 323 
nonidcal, 318 

optimum pressure ratio in, 316 
regeneration in, 323 
reheat in, 326 

with variable specific heats, 331 
work of, 315, 319, 320 
Breeding, nuclear, 456 
gain, 459 
ratio, 458 

Briggs flue dispersion model, 113 

Brooks coil, 694 

Burner; 

nuclear reactor, 458 
pulvcrized-coal, 137 
Burnup, nuclear, 365 


Canals, spray cooling, 303 
Candu heavy-water reactor, 448 
Canister, nuclear waste, 762 
Carbon dioxide; 
in the atmosphere, 716, 718 
and the greenhouse effect, 717 
properties of, 807, 808 
as reactor coolant, 433, 434 
Carson and Moses flue dispersion model, 112 
Caverns, 681 

Central receiver, solar, 550 
world exp)crience with, 559 
Chemical reaction energy storage, 705 
Chemical shim, nuclear, 391, 412 
Chromosome, 758 
Circulating-water system, 260 
cooling towers, 268-300 
intake, 265 

lakes and ponds, 300-303 
makeup, 281 

spray ponds and canals, 303-307 
thermal pollution from, 742 
Claude, Georges, 631 
Claude (open) ocean energy cycle, 631 
with controlled flash evaporation, 636 
with fresh-water cogeneration, 638 
Claus sulfur production method, 732 
Clausius statement, 16 
Clearness index, solar, 538 


Clinch River Breeder Reactor (CRBR) 
project, 463 
^^123 

analysis of: proximate, 125 
ultimate, 125 
firing of, 128 
gasification of. 153 
heating value of, 125, 127 
I liquifaction of, 157 
pulverizing, 132, 135 
run-of-mine, 133 
\ types of. 123-124 
Coal crushers, 133 

Coefficient of speed fluctuation of flywheels, 
686 

Cogeneration, 72 
Collection efficiency, 726, 736 
Combination turbines, 2()6 
Combined cycles: 

with gas and steam, 341 

with heat-recovery boiler, 342 
with mullipressure steam, 348 
in nuclear plants, 351 
with gasified coal, 155 
in solar systems, 568 
Combustion: 

in cyclone furnace, 140 
excess air in, 140 
fluidized-bed, 142, 145 
heat of, 161 

temperatures of, 167, 168 
Compound doubling time, nuclear, 461 
Compressed-air energy storage, 680 
adiabatic, 681 
at Huntorf plant, 683 
hybrid, 681 
at Soyland plant, 684 
Compressed water, subcooled, 13 
thermodynamic properties of, 774-777 
Compressibility factor, 11, 12 
Compressor: 
efficiency of, 319 
intercooling, 325 
work of, 22, 315 
Condenser; 

direct (open), 220 
barometric, jet, 222 
spray, 220 

surface (closed), 223 
deaeration, 231 
dimensions of, 228 
heat-transfer coefficient, 233, 234 
multipressure, 226 
number of passes in, 225 
pressure drop in, 235, 236 
tubes in, 227 
Control: 
in fans, 109 

in fossil fuel steam generators, 114 
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Control (Cont.): 
in nuclear reactors, 391 
in boiling-water reactors, 421 
chemical shim, 391, 412 
Control rods, 391 

Convection superheaters and reheaters, 96 
Conversion of nuclear fuel, 458 
Conversion factors, tables of, 822-841 
Cooling lakes or ponds, 300-303 
Cooling towers, 268 
approach temperature, 284 
dry, 289-291. 294 
icing, 299 

mechanical-draft, 274 
natural-draft, 274 
psychrometry in, 285 
range, 264 , 268 , 284 
terminal temperature difference, 264 
wet, 26&-289 
calculations, 283 
drift eliminators, 280 
fill, 279 
hybrid, 282 
wet-dry, 297 

Corona in electrostatic precipitators, 733 
Counterflow coolirtg towers, 269 
Counterflow heat exchangers, 34 
Critical constants, thermodynamic, 12 
Cioss-flow cooling towers, 269 
Cross section, neutron, 378, 385 
Crushers, coal, 133 
Curie, 747 
Curtis, C. G., 176 
Curtis stage turbine, 185 
Cycle, thermodynamic, 8 
Anderson (OTEC), 638 
Brayton, 312 
Carnot, 23 
Claude (OTEC), 631 
combined, 341 
Diesel, 8 
Rankine, 30-72 
Stirling, 265 
supercritical, 71 
Cycling powerplants, 674 
Cyclone furnace, 140 


Dam-Atoll wave machine, 656 
Darrieus wind machine, 622 
d’Arsonval, Arsine, 629 
Deaerating feedwater heater, 248 
Deaeration, condenser, 231 
Deaerator, spray, 250 
Decay constant, nuclear, 370 
Decay heat; 

in fast-breeder reactor, 480, 491 
in high-temperature gas-cooled reactor, 444 
from spent foci, 756 


de Laval, Carl Gustav Patrick, 175 
de Laval turbine, 184 
Demineralization, feedwater, 252 
Depository, nuclear waste, 761 
Desulfurization systems, flue-gas (FGD); 
dry process, 729 
single alkali process, 730 
wet process, 727 
Deuterium, 356 
in fusion reactors, 363 
Deutsch equation, 736, 737 
Dew point, 88 , 285 
Diesel cycle, 8 
Diffuse solar radiation. 537 
Disposal; 

of desulfurization waste, 732 
of nuclear waste, 760 
Dolfin wave machine, 655 
Donor level of semiconductors, 577 
Double-effect evaporator, 255 
Doubling time of breeder reactor, 460 
Drag coefficient of cylinders. 619 
Drift in cooling towers, 280 
Driving pressure; 
in aeroelectric wind plant, 624 
in boilers, 91 

in cooling towers, 274, 276 
Drum, steam, 94 
Dry cooling towers, 289 
direct, 290 

effect of, on plant efficiency, 294 
indirect, 291 

Dulong heating value formula, 126 


Economizer, 32, 101 
Effectiveness, regenerator, 323 
Efficiency; 

of Brayton cycle, 315 
of Carnot cycle, 24 
and heat rate, 64 
polytropic; compressor, 319 
pump, 45 

turbine, 45, 214, 319 
of Rankine cycle, 32, 64 
of solar cell. 580 
of solar receiver, 552 
of steam turbine, 204 
impulse blades, 179 
reaction blades, 194 
stage, 215 

turnaround (in storage); chemical, 708 
latent heat, 704 
pumped-hydro, 680 
thermal, 699 
Effluents; 

from fossil powerplants, 713, 714, 716, 722 
from nuclear powerplants, 749, 752 
Einstein, Albert, 396 
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Electrical batteries, 689 
Electrical energy storage, 675 
battery, 689 

compressed-air, 680 , 681,683, o84 
flywheel, 685, 688 
pumped-hydro, 677, 679 
superconductive, 691 
Electron, 355 
decay, 368 
K capture, 369 
valence, 357, 573 
Electron volt, 359, 575 
Electrostatic precipitators, 732 
collection efficiencies of, 736, 737 
Elements, list of, 816 
Energy: 

conservation of, 1 
flow, 3 
internal, 3 
kinetic, 2 
potential, 2 

Energy management, 673 
Energy storage, 672 
electrical, 675 
battery, 689 

compressed-air, 680, 681, 683, 684 
flywheel. 685 , 687 , 688 
pumped-hydro, 677, 679 
sup>erconductive, 691 
Wisconsin, 695 
thermal, 677 
chemical, 705 
latent, 702 
sensible, 696 

in solar powerplants, 554-556, 582 
turnaround efficiency, 680, 699, 704, 708 
Enthalpy, 5 
of combustion, 166 
of formation, 162 
Entropy, 19-21 
Environmental effects: 
of fossil-fuel powerplants, 713 
of geothermal powerplants, 509 
of nuclear powerplants, 745 
of solar satellite powerplants, 586 
Equilibrium temperature in cooling lakes and 
ponds, 301 

Evaporators, 254-257 
double-effect, 255 
Explosives, nuclear, 509 
Extraterrestrial solar radiation, 533 
Extrinsic semiconductors, 577 


Fabric filters, 738 
Fans, 105 
control, 109 
cooling tower, 274 
recirculation, 110 


Fast-breeder reactors, 453 
breeding in, 456 

Clinch River Project (CRBR), 463 
doubling time in, 460 
gas-cooled, (GCFBR), 493 
liquid-metal (LMFBR), 461 
{See also Liquid-metal fast-breeder 
reactors) 
loop type, 462 

nuclear fuel in, 455, 465, 468, 485-487, 495 
Ph^nix, 456, 484 
pool type, 462 
radiations from, 755 
steam generator in, 474, 490 
Super Ph^nix, 481 
world list of, 455 
Fast neutron, 375 
cross sections of, 386 
Fast-neutron reactors, 390, 395 
Feedwater heaters; 
closed, 51, 57 
calculations in, 242 
design of, 238 
with drains cascaded, 51 
with drains pumped, 57 
heat transfer in, 242 
pressure drop in, 245 
open (deaerating), 46, 248 
placement of, 67 

terminal temperature difference in, 53 
Feedwater treatment and makeup, 250 
Fermi-Dirac distribution law, 573 
Fermi energy, 574 
Fill in cooling towers, 279 
Fischer-Tropsch process of coal liquifaction, 
157 

Fission, 364 
energy from, 365 
products of, 364, 365 
energy from, 756 
ternary, 754 

Fission factor, 386, 458, 460 
Fission reactors, 386, 395 
Flat rating of wind turbines, 601 
Float wave machines, 650 
Flow energy, 3 
Flue gas. 

desulfurization systems (FGD); dry system, 
729 

SOj removal, 730 
wet system, 727 
dew point, 88 
dispersion of, 111-112 
NO removal of, 732 
Fluidized-bed combustion, 142 
Flux, neutron, 380 
Flywheels, energy storage in, 685 
NASA concept for, 688 
volume-efficiency ratio of, 687 
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Forced-draft cooling towers, 274 
Forced-draft fans, 106 
Formation, enthalpy of, 162 
Fossil fuel, 122 
biomass of, 159 
byproducts of, 150 
coal, 123 
{See also Coal) 
heating values of, 150 
liquid, 147 
oil, 149 
oil shale, 158 
solid waste, 151 
synthetic, 152 
tar sand, 158 

Fractional collection efficiency, 726, 736 

Fragments, fission, 364 

Freon-12; 

in ocean energy, 638, 639 
thermodynamic properties of, 12 
saturated, 786-788 
superheated, 789, 790 
Friction: 

in condenser tubes, 235, 238 
in feedwater heater tubes, 245, 246 
Friction factor chart, 819 
Fuel (ree Fossil fuel; Nuclear fuel; Synthetic 
fuels) 

Fumarole, 501 
Furnace; 
burners of, 137 
cyclone, 140 
fluidized-bed, 142 
stoker of, 130 
Fusion, 363 


Gamma radiation, 368 
Gas: 

from coal, 153 

in gas-turbine cycles, 332-334 
imperfect, 11 
perfect, 9 

as reactor coolant, 433, 493 
as solar coolant, 553 
thermodynamic properties of, 805-809 
Gas-cooled nuclear reactors, 433 
British program (AGR, Magnox), 434 
fast-breeder (GCFBR), 493 
high-temperature (HTGR), 436 
thorium (THTR-300), high-temperature, 444 
Gas pressurizer, nuclear, 411 
Gas turbines, 211, 309 
blades of, 213 
cooling, 335-339 
cycles, 310 
regeneration in, 323 
retreat in, 326 
efficiency of, 214, 319 


Gas turbines (Com.): 
fuels for, 339 
materials for, 335 
Gasification, coal, 153 
Gene, 758 

Genetic effects of radiation, 758 
Gcopressured geothermal steam, 506 
Geothermal energy, 499 
fracturing, 508 
hybrid, 525 
hydrothermal, 505 
liquid-dominated, 506 
binary-cycle, 519 
flashed-steam, 515 
total-flow, 521 
petrothermal, 523 
vapor-dominated, 510 
Geysers geothermal plant, 501 
Grates of coal stoker, 130 
Gray, 748 

Greenhouse effect, 717 


Half life, 370 
of activation, 753 
in liquid-metal reactors, 755 
in water reactors, 753 
of fission products, 756 
Hammer-mill coal crusher, 133 
Hard spectrum, nuclear, 453 
Heat head of evaporators, 255 
Heat rate, 64 
Heat-recovery boiler, 342 
Heat transfer: 

coefficients of: in condensers, 233, 234 
in cooling lakes and ponds, 301 
in evaporators, 256 
in feedwater heaters, 242 
in cooling lakes and ponds, 300, 301 
in gas turbines, 336, 338 
in steam turbines, 203 
Heat-transfer systems: 
in Clinch River reactor, 472 
in solar thermal plants, 553 
in Super Ph6nix reactor, 489 
Heating value of fuels, 165 
Heavy hydrogen, 356 
Heavy water, 356 
in Candu reactor, 448 
use of, in reactors, 446 
Heliostat, solar, 545 
control, 548 
field, 546 
losses, 547 
Helium; 

as gas turbine working fluid, 316-318 
as nuclear reactor coolant, 390, 442, 446, 
495 

properties of, 12, 314, 805, 806 
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Helper mode of cooling tower, 264 
Hero of Alexandria, 174 
Heterogeneous reactor, nuclear, 388 
High-Btu gas, 154 
High-level nuclear waste, 756 
High-level reservoir wave machine, 654 
High-pressure accumulator wave machine, 653 
High-pressure water fracturing, geothermal, 

508 

High-temperature gas-cooled reactor (HTGR), 
436, 437 

Huntorf compressed-air energy storage system, 
683 

Hybrid compressed-air energy storage, 681 
Hybrid powerplants; 
geothermal-fossil, 519 
solar-fossil, 564 
Hybrid wet cooling tower, 282 
Hydrocarbons, 147 

Hydrogen sulfide in geothermal steam, 514 
Hydrothermal energy, 505 
world distribution of, 507 


Icing, cooling-tower, 299 
Imperfect gas, 11 
Impulse blade, 178 
efficiency of, 179 
optimum speed of, 181 
velocity diagram of, 180 
Impulse principle, 177 
on curved blade, 178 
on flat blade, 177 
Impulse turbines, 184 
compounded, 185 
Curtis, 185 
Rateau, 188 

single-stage (de Laval), 184 
Induced-draft cooling tower, 274 
Induced-draft fan of steam generator, 106 
Inductance, electric, 693 
Brooks coil, 694 

Initial temperature difference, 294 
Intake system, cooling-water, 265 
Intercooling, gas turbine cycle, 325 
Internal energy, 3 
Intrinsic semiconductors, 577 
Inverted superheater and reheater, 97 
Irreversibility, 17 
external, 19, 33 
internal, 19, 44 


Jet pump in boiling-water reactors, 422 


K capture in radioactivity, 369 
Kelvin-Planck statement, 15 


Lakes and ponds, cooling, 300-303 
Larderello geothermal plant, 501 
Latent heat energy storage, 702 
Lead-acid battery, 689 
Lignite, 124 

Line-focus solar concentrator, 562 
Liquid-dominated geothermal energy, 506 
515, 519, 521 

Liquid-metal fast-breeder reactors (LMFBR) 
461 

breeding in, 456 

Clinch River Project (CRBR), 463 
gas-cooled, 493 
loop.462 
pool, 462 
Super Phdnix, 481 
Liquid metals, 
in fast-breeder reactors. 461 
in solar thermal powerplants, 553 
thermodynamic properties of, 799-803 
Liquifaction of coal, 157 
Lithium batteries, 691 
Ljungstrom air preheater, 103 
Log-normal distribution, 724 
Loop liquid-metal reactor, 462 
Low-Btu gas, 154 
Low-level nuclear waste, 751 


Madaras wind machine, 621 
Magma, 504 
Magmatic steam, 504 
Magnox nuclear reactor, 434 
Magnus effect, 613 
drag force, 619 
lift force, 618 

Mass-efficiency factor of flywheels, 686 

Mass-energy conversion factors, 363 

Mass number, 356 

Mean sun time (MST), 541 

Mechanical-draft cooling towers, 274 

Medium-Btu gas, 154 

Mercury: 

as reactor coolant, 455 
thermodynamic properties of, 802-804 
Meteoritic steam, 504 
Methanation, 155, 706 
Mini-OTEC, 642 
MOD wind turbines, 608 
Moderator, nuclear, 376, 390 
Modulated single-pool tidal system, 663 
Mollier diagram, 22, 23 
for mercury, 802 
for sodium, 799 
for steam, 765 

Molten salts in solar thermal systems, 553 
Moody friction factor chart, 819 
Motive steam in evaporators, 254 
Multiple-pontoon wave machine, 657 
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Multipressure condenser, 226 
Multipressure steam in combined cycles. 348 

n-type semiconductors, 577 
NASA flywheel energy storage system, 688 
Natural-draft cooling tower, 274 
Natural radioactivity, 745 
Natural uranium, 357 
Neap tide, 660 
Neutrino, 357 
Neutron absorber, 391 
Neutron cross sections, 378, 385 
Neutron energies, 374 
Neutron flux, 380 
Neutron reaction rates, 380 
Neutrons, 355 
decay of, 370 
in fission, 364 
thermal, 376 
{See also Fast neutron) 

Nitrogen, oxides of, 714 
removal of, 732 
Nozzles: 

flow equation for, 7 
in spray ponds, 304 
Nuclear breeding, 456 

Nuclear explosives for geothermal energy, 509 
Nuclear fission, 364 
Nuclear fuel, 357 
in boiling-water reactors, 427 
constants, 386 
cycle, 750 
disposal of, 760 

in fast-breeder reactors, 455, 465, 468, 
485-487, 495 

in heavy-water reactors, 449 
in high-temperature gas-cooled reactors, 437 
in pebble-bed reactors, 446 
in pressurized-water reactors, 400 
and reactor types, 386, 390 
reprocessing of, 759 
wastes from, 756 
zoning for, 391 
Nuclear fusion, 363 

Nuclear pressurizer (see Pressurizer, nuclear) 
Nuclear radiation (see Radiation, nuclear) 
Nuclear reactors (see Reactors, nuclear) 
Nuclear resonance, 385 
Nuclear scattering, 380 
Nuclear wastes: 
disposal of, 760 
high-level, 751, 756 
low-level, 751 
pollution from, 756-758 
Nucleons, 355 

Ocean energy, 627 
from temperature differences, 628 


Ocean energy (Com.): 
from tides, 659 
from waves, 642 

Ocean temperature energy conversion 
(OTFX), 627 

Anderson (closed) cycle, 638 
Claude (open) cycle, 631 
powerplants, 629, 642 
recent developments in, 641 
Ocean tides (see Tides, ocean) 

Oil shale, 158 
Once-through cooling, 261 
environmental effects of, 743 
Open system thermodynamics, 2 
Optimum pressure ratio in Brayton cycle, 316 
OTEC powerplants, 629 
OTEC-1,642 

(See also Ocean temperature energy 
conversion) 

Oxides of carbon in the atmosphere, 716 
Oxides of nitrogen in the atmosphere, 714 
removal of, 732 

Oxides of sulfur in the atmosphere, 713 
removal of, 142, 727 

p-type semiconductors, 577 
Parsons, Charles, 175 
Particulate matter in the atmosphere, 722 
collection efficiency for, 726 
distribution of, 724 
removal of, 735 

Passamoquoddy Bay tidal project, 669 
Pauli exclusion principle, 573 
Peak shaving, 675 
Peaking plants, 674 
Peal, 124 

Pebble-bed nuclear reactor, 444 , 446 
Pendant superheater and reheater, 97 
Period: 

of ocean waves, 644 
of tides, 660 
Petrothermal steam, 508 
energy from, 523 

Ph6nix fast-breeder reactor, 456, 484 
Photon, 578 

Photovoltaic solar energy conversion, 543, 571, 
579-583 

Planetary winds, 589 

Plowshare, 509 

Plume, stack, 112 

Point-focus solar concentrator, 562 

Polishing, feedwater, 253 

Pollution: 

from fossil powerplants, 713-727 
from nuclear powerplants, 752-755 
from nuclear waste, 756-758 
thermal, 742 
Polytropic process, 3, 10 
in compressors, 22, 319 
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Polytropic process (Conr): 
efficiency of, 21, 22 
exponent of, 3 
in gas turbines, 21, 214, 319 
in pump>s, 45 

Ponding, wet disposal, 732 
Ponds: 
cooling, 300 
solar, 568 
spray, 303 

Pool liquid-metal reactor, 462 
Porosity in fluidized beds, 144 
Positron, 357 
Positron decay, 368 
Potential energy, 2 
Precipitator, electrostatic, 732 
Pressure-compounded impulse turbine, 188 
Pressure drop: 
in condenser tubes, 235, 236 
in feedwater heater tubes, 245, 246 
friction factor for, 819 
in Rankine cycle, 45 
Pressure ratio in Brayton cycle: 
compressor, 315 
optimum, 316 
turbine, 313 

Pressurized-water reactor (PWR), 399 
chemical shim in, 412 
nuclear fuel in, 400 
pressurizer, 407 
steam generator, 404 
Pressurizer, nuclear: 
gas type, 411 
vapor type, 407 
Pretrealment, feedwater, 251 
Products of fission, 364, 365 
energy from, 756 
Propane: 

in geothermal energy, 638, 639 
thermodynamic properties of, 798 
Psychrometry: 
chart, 821 

in cooling towers, 285 
Pulverized-coal burners, 137 
Pulverized-coal crushers, 133 
Pulverized-coal firing system, 136 
Pulverized-coal pulverizers, 135 
Pump efficiency, 45 

Pumped-hydro energy storage, 677, 679 


Rad, 748 

Radiant boiler, 89 

Radiant superheater and reheater, 96 
Radiation: 
nuclear, 366 

biological effects of, 757, 758 
in the environment, 745 
solar, 533 

{See also Solar radiation) 


Radiation (Cont.)\ 
in steam generators, 89, 96 
terrestrial solar, 537 
Radioactivity, 366 >,,1, 

biological effects of, 757, 758 
decay rates, 370 
in the environment, 745 
half lives, 370 
(5ee also Half life) 

K capture in, 369 
units of, 747, 748 
Range: 

in cooling towers, 264, 268, 284 
in spray ponds, 305 
in the tides, 659 
Rankine cycle: 
with cogeneration, 74 
efficiency of, 32, 64 
externally irreversible, 33 
feedwater heaters: closed, 51, 57 
open, 46 , 
placement of, 67 
heat rate of, 64 
ideal, 30 

internally irreversible, 44 
regeneration in, 42 
reheat in, 38 
supercritical, 71 
superheat in, 36 
Rateau turbine, 188 
Reaction turbines, 191 
axial thrust in, 195 
Hero’s aeolipile, 174 
optimum blade speed of, 193 
Parson, 176 
twisted blades m, 196 
velocity diagram for, 192 
Reactivity worth, nuclear, 391 
Reactors, nuclear; 
boiling-water, 417 
(5ee also Boiling-water reactors) 
fast-breeder, 453 

{See also Fast-breeder reactors) 
fission, 386, 395 
gas-cooled, 433 

(5ee also Gas-cooled nuclear reactors) 
heavy-water in, 446 
LMFBR, 461 

{See also Liquid-metal fast-breeder 
reactors) 

Magnox, 434 
pebble-bed, 444 , 446 
pressurized-water, 399 

{See also Pressurized-water nuclear 
reactor) 

radiations from, 752 
wastes from, 751 
Receiver, solar, 550 
Recirculation: 

in boiling-water reactors, 419 
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Recirculation (Cont.)\ 
in fossil-fuel steam generators, 91 
team ’mpcrature control by, 119 
Aecircu.uiion fans, 110 
Recuperative air preheater, 103 
Reduced pressure and temperature, 12 
Reflector, reactor, 391 
Reformation, 706 
Regeneration, 42 
in gas turbine cycles, 323 
Regenerative air preheater, 103 
Reheat; 

in gas turbine cycles, 326 
in Rankine cycle, 38 
in steam generators, 96 
Reheat factor in turbines, 204 
Relative biological effectiveness (RBE), 748 
Rem (roentgen equivalent man), 748 
Repowering of solar thermal powerplants, 564 
Reprocessing of nuclear fuel, 759 
Resonance, nuclear, 385 
Reverse osmosis, 252 
Reversibility, thermodynamic, 17 
Roll-and-race pulverizer, 135 
Rotors in turbines, 208 


Satellite solar power system (SSPS), 583 
environmental effects of, 586 
Scattering: 
nuclear, 380 
solar, 536 

Scram, reactor, 391 
Scrubbing of flue gases; 
dry, 729 

single alkali, 730 
wet, 727 

Semiconductors, 577 
Shale, oil. 158 
Sievert, 748 

Simple doubling time, 460 
Single alkali scrubbing, 730 
Single-effect evaporator, 254 
Single-pool ocean tide system, 661 
Sodium; 

as reactor coolant, 390, 445, 461 
radioactivity in, 755 
thermodynamic propyerties of, 799-801 
Sodium-sulfur battery, 691 
Soft spectrum, nuclear, 453 
Solar cell, 571, 579 
Solar concentrators, 562 
Solar constant, 534 
Solar energy powerplants, 530 
combined, 568 
conversion systems for, 541 
photovoltaic, 543, 571, 579-583 
thermal, 542-570 
central receiver, 543-554 
distributed, 560-564 


Solar energy powerplants (Cont ): 
history of, 531 
ponds, 568 

satellite (SSPS), 583, 586 
Solar-One, 568 
Stirling-cycle, 565 
storage; photovoltaic, 582 
thermal, 554 
Solar radiation: 
beam, 537 

clearness index of, 538 
diffuse, 537 
extraterrestrial, 533 
mean daily, 540 
terrestrial, 536-537 
wave length. 535, 578, 581 
Solar scattering, 536 
Solid state, 573 

Somatic effects of radiation, 757 
Soyland compressed-air energy storage system, 
684 

Spent nuclear fuel, 751 
disposal of, 760 
reprocessing, 759 
Spray deaerator. 250 
Spray ponds and canals, 303, 305 
Spring tide, 660 
Stability, atmospheric, 113 
Stack. ilO 

STAG combined cycle, 345 
Steady-state steady-flow (SSSF) system, 2 
Steam: 

geothermal, 499 
geopressured, 506 
hydrothermal, 505 
magmatic, 504 
meteoritic, 504 
petrothermal, 508 
Mollier chart for, 765 
motive (evaporators), 254 
thermodynamic properties of; saturated 
(English units), 766-773 
saturated (SI units), 778-782 
superheated: English units. 774-777 
SI units, 783-785 
Steam drum, 94 
Steam generators; 
air preheaters in, 102 
burners in, 137 
control of, 114 
drum type, 94 
economizers in, 101 
fans in, 105 

in fast-breeder reactors, 474, 490 

fire-tube, 80 

fossil fueled, 79 

nuclear fueled, 404, 474, 490 

once-through, 99 

in pressurized-water reactors, 404 

radiation in, 89, 96 
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Steam generators (Com.). 
recirculation in: fossil, 91 
nuclear, 419 
reheat in, 96 

in solar thermal systems (receiver), 550 
Stirling, 86 
stokers, 130 
superheaters, 96, 97 
water-tube, 83, 87 
Steam-jet air ejector (SJAE), 233 
Stirling cycle in solar energy, 565 
Stirling steam generator, 86 
Stokers, 130 

Stretford process for H^S removal, 514 
Subbituminous coal, 124 
Subcooled liquid, 13 
thermodynamic properties of, 774-777 
Sulfur, oxides of, 713 
in the atmosphere, 713 
removal: 

postcombustion. 727 
precombustion, 142 
Sun time, mean, (MST), 541 
Super Ph^nix fast-breeder reactor, 481, 489 
Superconductive magnetic energy storage, 69] 
Supercritical pressure cycle, 71 
Supercritical water, properties of, 777 
Superheat in Rankine cycle, 36 
Superheaters, steam generator, %, 97 
Supersaturation in steam turbines, 197 
Synthetic fuels, 152 
coal gasification, 153 
coal liquifaction. 157 
oil shale, 158 
tar sand, 158 

System, thermodynamic, 2 


Tar sand,158 

Terminal temperature difference (TTD): 
in condensers, 235 
in cooling towers, 264 
in feedwater heaters, 53 
Ternary fission, 754 
Terrestrial solar radiation, 536-537 
Thermal energy storage, 677 
chemical, 705 
latent, 702 
sensible, 696 

in solar powerplanis, 554, 582 
dual tank, 556 
thermocline, 555 
Thermal neutron, 376 
Thermal pollution, 742 
Thermal reactors, 395 
boiling-water, 417 
gas-cooled, 433 
heavy-water, 446 
pebble-bed, 444 
pressurized-water, 399 


Thermocline energy storage, 555 
Thermodynamics: 
first law of: closed system, 7 
open system, 1 
second law of, 14 
system, 2 

Thermonuclear reactor, 363 
Thorium, 459 
in pebble-bed reactor, 446 
Thorium High-Temperature Reactor (THTR- 
300), 444 
Throttling, 7 
in feedwater heating, 53 
Tides, ocean, 659 

power from: modulated single-pool, 663 
single-pool, 661 
two-pool, 667 
range of, 659 
schedule of, 660 
Topping cycle, cogeneration, 73 
Total-flow concept in geothermal energy, 521 
Trade winds, 589 
Tramp uranium, 752 
Transuranium elements. 395 
Traveling screen, 265 
Traversing trash rake. 265 
Tray, deaerator, 250 
Tritium: 
in fusion, 363 
as reactor effluent, 754 
in reactors, 754, 755 
Tubes: 

boiler, 89, 90 
condenser, 230 
properties of, 817 
feedwater heaters, 242, 245, 246 
properties of. 817 

pressure drop of, in condensers, 235, 236 
Turbine blades; 
cooling: gas, 335 
water, 338 
gas turbine, 213 
impulse, 178 
efficiency of, 179 
optimum speed of, 181 
velocity diagram for, 180 
reaction, 191 
efficiency of, 194 
optimum speed of, 193 
velocity diagram for, 192 
twisted, 1% 

Turbines; 
aeolipile, 175 
arrangements of, 206 
Curtis stage, 185 
efficiencies of, 204 
poly tropic, 45 
gas, 211, 309 
{See also Gas turbines) 
losses in, 197-203 
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Turbines (Cont.): 

Rateau, 188 
reheat factor in, 204 
rotors of, 208 
steam: combination, 206 
impulse, 184, 185, 188 
reaction, 191 

(See also Reaction turbines) 
work of, 21,32,313 
(See also Wind turbines) 

Turbinia, 176 

Turnaround efficiency for energy storage: 
chemical, 708 
latent heat, 704 
pumped-hydro, 680 
thermal, 699 

TVA dispersion model, 113 

Two-pool tidal system, 667, 669 

Underground pumped-hydro energy storage, 
679 

Uranium, 357 
enriched, 389 
natural, 357 
tramp, 752 
trans-, 395 


\/V region, nuclear, 385 
Valence electrons, 357, 573 
Valence shell, 357 
Vapor, 13 

Vapor-dominated geothermal energy, 505, 510 
Vapor-type pressurizcr, 407 
Velocity-compounded impulse turbine, 185 
Void fraction; 
in boilers, 92 
in fluidized beds, 144 
Volume-efficiency ratio for flywheels, 687 

Waste disposal: 
fossil, 73 
nuclear, 760 
Water: 

compressed (subcooled) properties of, 
774-777 

demineralizing, 252 
injection of, in gas turbines, 328 
polishing, 253 

solar energy absorption in, 629 
Water circulating (cooling) systems, 261 
Water reactors, 399, 417, 446 


Watt, James, 174 
Wave machines: 

Dam-Atoll, 656 
dolfin, 655 
float, 650 

high-level reservoir, 654 
high-pressure accumulator, 653 
multiple-pontoon, 657 
Wave motion, 644 
Wavelength: 
of gamma rays, 368 
of ocean waves, 644 
of solar radiation, 535 
of photons, 578 
in silicon cells, 581 

Weibull wind velocity distribution, 604 
Wellman-Lord SO 2 recovery process, 731 
Wet-bulb temperature, 285 
Wet cooling towers, 268-289 
Wet-dry cooling tower, 297 
Wind: 

drag coefficient of, 619 
in the earth's atmosphere. 589 
exceedance curves of, 605 
magnus effect of, 613, 618, 619 
mean energy velocity of, 604 
power from, 593 
in the United States, 603 
Weibull velocity distribution, 604 
Wind turbines: 
aeroelectric, 624 
Darrieus, 622 
efficiency of, 597 
flat rating of, 601 
forces on blades, 598 
history of, 591 
large, 603, 608 
Madaras, 621 
siting, 602 
small, 602, 607 

Wisconsin superconductive energy storage, 695 
Work, 8 

of Brayton cycle, 315, 319, 320 

of a compressor, 22, 315 

of a cycle, 24 

flow, 3 

nonflow, 8 

of a pump, 23, 32 

of a turbine, 21, 32, 313 


Zinc-chloride battery, 691 
Zoning for nuclear fuel, 391 







